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ABSTRACT 


Title  of  Dissertation:  Trinitrobenzenesulfonic  acid  colitis 

induces  changes  in  the  contractile 
response  of  circular  smooth  muscle  in 
the  rat  colon. 

Jeanette  Marie  Hosseini,  1996 

Dissertation  directed  by:  Terez  Shea-Donohue,  Ph.D.,  Research 

Associate  Professor  of  Medicine  and 
Physiology. 


Diarrhea  is  a  common  symptom  of  colitis.  Alterations  in  colonic 
muscle  contractility,  through  both  neural  and  smooth  muscle 
mechanisms,  contribute  to  the  abnormal  motility  patterns  associated 
with  inflammatory  bowel  disease.  Changing  inflammatory  milieu 
may  cause  stage-dependent  alterations  of  the  muscle  contractile 
response.  The  aim  was  to  study  colonic  circular  smooth  muscle 
response  to  acetylcholine  and  the  tachykinins  during  acute  and 
chronic  inflammation.  Male  Sprague-Dawley  rats  were  treated 
rectally  with  either  saline  or  trinitrobenzenesulfonic  acid  in  50% 
ethanol  and  studied  after  four  hours  (acute)  or  seven  days  (chronic). 
Mucosa-free  distal  colonic  muscle  strips  were  attached  to  isometric 
force  transducers  in  the  circular  axis  and  placed  in  organ  baths. 
Concentration  response  curves  were  constructed  to  potassium, 
tachykinins,  acetylcholine,  and  receptor  specific  agonists.  Muscle 
from  acute  animals  showed  significantly  increased  responses  to 
potassium  (14.7  +  2.5  vs.  20.6  +  2.7  N/cm^),  substance  P  (9.7  +  0.5  vs. 
23.7  +  4.5  N/cm^)  and  acetylcholine  (10.2  +  1.3  vs.  17.0  +  3.0  N/cm^), 
but  decreased  response  to  neurokinin  A  (20.9  +  2.3  vs.  13.1  ±1.4 
N/cm^).  Acute  tissue  showed  a  neural  loss  in  nicotinic-mediated 
inhibition  in  response  to  acetylcholine,  as  well  as  changes  in 
tachykinin  atropine-sensitivity.  The  atropine-sensitive  changes  were 


not  observed  for  the  selective  tachykinin  receptor  agonists. 

However,  the  agonists  did  demonstrate  significantly  decreased 
responses  at  the  level  of  the  muscle  for  the  NKj  (18.5  +  1.5  vs.  11.6  ± 
1.7  N/cm2),  NK2  (19.8  ±  1.9  vs.  10.5  ±  0.7  N/cm2)  and  NK3  (5.7  ±  1.3 
vs.  0.9  +  0.4  N/cm2)  receptors.  Chronic  inflammation  decreased  non¬ 
specific  responses,  as  well  as  all  receptor-mediated  events  (all 
P<0.02).  The  progression  of  the  muscle  during  inflammation  from  a 
more  contractile  state  to  a  less  responsive  one  correlates  well  with  in 
vivo  studies  showing  initial  increase  followed  by  a  decrease  in 
colonic  transit  following  an  inflammatory  event.  Thus,  stage- 
dependent  changes  in  both  nerve  and  muscle  occur  during 
inflammation  and  may  contribute  to  the  diarrhea  of  colitis. 
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DEDICATION 


"Happy  is  the  man  who  finds  wisdom,  and  the  man  who  gets 
understanding,  for  the  gain  from  it  is  better  than  gain  from  silver 
and  its  profit  better  than  gold."  (Proverbs  3:13-18) 


Scientists,  in  attempts  to  understand  and  make  sense  of  our 
universe,  have  often  explained  away  the  existence  of  God.  In  my 
personal  quest  for  understanding  physiology,  I  have  continually  been 
amazed  by  the  design  and  function  of  human  body.  So  much  so,  that 
I  am  confident  in  the  supremacy  of  our  Creator.  As  much  as  our 
civilization  has  and  will  advance  in  understanding,  we  will  never 
begin  to  know  it  all.  Isaac  Newton  was  right  on  target:  '"What  we 
know  is  a  drop,  what  we  don't  know  is  an  ocean".  Nevertheless,  we 
should  continue  our  pursuit  for  knowledge  of  our  universe,  for  it  can 
only  bring  us  closer  to  God,  through  admiration  of  its  complexity. 

In  admiration  and  appreciation  of  our  creation,  this  work  is 
dedicated  to  God  and  Jesus  Christ  his  son,  through  which  all  things 
are  made  possible.  "Honor  the  Lord  with  your  substance  and  with 
the  first  fruits  of  all  your  produce"-{ Proverbs  2:9) 

May  God  bless  our  world  with  love  and  peace,  which  is  ours 
through  Christ. 
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INTRODUCTION 


Clinical  Relevance 

The  incidence  of  inflammatory  bowel  disease  (1BD)  such  as  Crohn's 
and  ulcerative  colitis,  is  between  5-10  per  100,000  in  the  United 
States[40].  Ulcerative  colitis  initially  presents  with  inflammation  of 
the  distal  colon  and  progresses  in  a  retrograde  fashion  to  include 
areas  of  the  colon  more  proximal[31]  It  can  present  as  acute,  chronic 
or  may  reoccur  as  an  acute  relapse,  and  is  unpredictable  in  its 
course[4].  One  well  accepted  possible  etiology  of  IBD  is  that  the 
mucosal  barrier  is  somehow  compromised  permitting  entry  of  a 
luminal  antigen  to  the  lamina  propria.  It  has  been  suggested  that 
there  is  an  inappropriate  response  by  the  mucosal  immune  system, 
initiating  an  uncontrolled  cascade  of  inflammatory  events[56.  59], 
Acute  disease  occurs  as  the  body  mounts  its  first  response  to  the 
invading  antigen  and  is  typified  by  aggregation  of  platelets,  tissue 
fluid  accumulation,  vascular  permeability  changes,  epithelial  lifting, 
and  a  cellular  infiltrate  primarily  characterized  by  neutrophils  and 
few  monocytes,  and  little  or  no  change  in  the  muscularis  externaf44]. 
The  disease  progresses  into  a  more  chronic  immune  response  with 
involvement  of  lymphocytes  and  the  production  of  specific  growth 
factors  and/or  cytokines.  Characteristic  histology  of  the  chronic 
phase  includes  hyperplasia  and  hypertrophy  of  the  muscularis 
externa,  mild  vasocongestion,  epithelial  cell  sloughing,  and  a 
primarily  lymphocytic  infiltrate  [3,  44,  54].  The  two  stages  can  be 
differentiated  histologically  using  a  graded  scaling  method[54]. 

While  the  two  stages  can  be  separated  easily  morphologically  in 
controlled  animal  models,  in  practice,  the  clinician  most  often 
encounters  an  "acute"  inflammation  in  IBD  patients  subject  to  relapse 
of  disease.  Additionally,  it  is  the  acute  stage  that  most  frequently 
causes  abdominal  discomfort  and  diarrhea.  Therefore,  reoccurrence 
of  the  acute  phase  of  inflammation  (relapse)  in  the  distal  colon  is  the 
most  clinically  relevant  scenario. 
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Diarrhea  and  intestinal  cramps  are  definitive  symptoms  of  1BD 
and  their  occurrence  is  associated  with  changes  in  normal  motility 
patterns.  Normal  motility  patterns  in  the  colon  consist  of  short- 
duration,  long-duration,  and  giant  migrating  contractions[53].  The 
spatial  arrangement  and  coordination  of  these  movements  allow  both 
a  slow  net  distal  propulsion  that  provides  uniform  mixing  and 
mucosal  exposure  to  a  semi-solid  to  solid  bolus,  and  a  rapid 
propulsion  in  the  caudad  direction  for  mass  movements  and 
defecation,  respectively[52,  53].  Both  short  and  long  duration 
contractions  (amplitude  and  duration)  are  either  reduced  or  absent 
in  colitis,  with  the  severity  of  diarrhea  correlating  positively  with  the 
degree  of  reduction  in  these  patterns[53].  Additionally,  in  both 
animal  models  and  humans,  there  is  an  increase  in  giant  migrating 
contractions  during  colitis[53] .  Decreased  long  and  short  duration 
contractions  reduce  mixing  time  and  exposure  of  the  colonic  contents 
to  the  mucosa  and  thus  decrease  fluid  absorption.  In  contrast, 
increases  in  giant  migrating  contractions  initiate  a  mass  movement  of 
colonic  contents  and  the  defecation  reflex.  Changes  in  either  or  both 
motility  patterns  contribute  to  the  diarrhea  and  cramping 
experienced  with  colitis. 


Inflammatory  Model 

Numerous  animal  models  have  been  developed  to  study  IBD.  A 
well  accepted  model  to  study  both  the  acute  and  chronic  changes 
associated  with  IBD  was  originally  developed  by  Morris  et.  al.  in  rats 
using  ethanol  and  TNBS  (2,4,6-trinitrobenzenesulfonic  acid)[42]. 
TNBS,  a  haptan,  is  administered  in  ethanol  to  disrupt  the  mucosal 
barrier  and  combines  with  gut  proteins  to  become  antigenic[42]. 
Additionally,  metabolism  of  TNBS  creates  reactive  oxidants,  which 
facilitate  the  inflammatory  process[64].  When  compared  to  acetic 
acid  induced  inflammation,  TNBS  gives  a  more  consistent  and  long- 
lasting  inflammatory  pattern  typical  of  the  acute  stages  of  IBD.  By 
two  weeks,  the  affected  area  subsequently  develops  characteristics 
of  chronic  inflammation  [65].  Acute  changes  seen  within  four  hours 
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in  the  TNBS  model  include  increases  in  smooth  muscle  spike  activity, 
mucosal  permeability,  edema,  and  defense  cell  (neutrophils) 
infiltration,  mucosal  hemorrhage,  and  eicosanoid  production[57,  65]. 
Moreover,  during  the  acute  stage,  TNBS  models  show  increased 
motility  mediated  in  part  by  the  lipoxygenase  product  of  arachadonic 
acid.  LTD4[46].  Chronic  changes  seen  in  rat  colon  with  the  TNBS 
model  include  thickening  of  the  muscularis  externa,  lymphocytic 
infiltration,  and  decreased  contractility[42].  Therefore  the 
TNBS/ethanol  method  provides  an  experimental  model  for  the  study 
of  both  acute  and  chronic  stages  of  colitis  that  closely  correlates  with 
stages  of  inflammation  seen  clinically. 


Enteric  Nervous  System  (ENS)  regulation  of  Motility 

It  is  known  that  abnormal  motility  results  from  changes  in 
smooth  muscle  contractility  during  inflammation.  Contractility  is 
determined  by:  1)  the  "net"  neural  input  to  the  muscle  and  2) 
inherent  smooth  muscle  properties.  The  hierarchy  of  neural 
influence  is  such  that  intrinsic  nerves  in  the  wall  of  the  gut  that 
comprise  the  enteric  nervous  system  (ENS)  form  the  first  level  of 
regulation  of  motility,  over  both  the  extrinsic  autonomic  (ANS)  and 
central  nervous  systems  (CNS).  The  ENS  consists  of  two  plexuses,  one 
beneath  the  epithelial  layer,  known  as  the  submucosal  complex,  and 
a  second  that  lies  between  the  circular  and  longitudinal  muscle 
layers  of  the  muscularis  externa  called  the  myenteric  plexus.  The 
muscularis  externa  is  primarily  regulated  by  the  myenteric  plexus. 
Extrinsic  input  to  the  ENS  is  via  the  ANS  by  either  the  sympathetic 
nervous  system  (SNS)  releasing  norepinephrine  (NE)  from  post 
ganglionic  neurons  or  by  parasympathetic  nerves  (PSNS)  releasing 
acetylcholine  (ACH)  onto  preganglionic  neurons  within  the  plexus. 
Both  the  CNS  and  ANS  have  a  relatively  small  role  in  the  control  of 
motility  under  most  conditions.  Additionally,  local  sensory 
information  is  received  in  the  ENS  from  both  mucosal  and  muscle 
sensory  receptors.  Within  the  ENS,  there  are  motor  and  sensory 
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neurons,  as  well  as  interneurons  that  integrate  and  coordinate 
neuronal  signaling. 

The  ENS  has  cholinergic,  adrengeric,  and  non-adrenergic  non- 
cholinergic,  (NANC)  neurons  (Figure  1)  that  may  undergo  changes  in 
number,  connection,  or  function  in  IBD.  While  adrenergic 
neurotransmitters  are  inhibitory  to  smooth  muscle,  the  more 
important  changes  in  inhibitory  neurotransmission  during 
inflammation  appear  to  involve  the  NANC  containing  neurons  within 
the  ENS.  Although  there  are  a  number  of  putative  NANC 
neurotransmitters,  the  major  physiological  transmitters  are  the 
tachykinins  (substance  P  and  neurokinin  A),  vasoactive  inhibitory 
peptide  (VIP)  and  nitric  oxide  (NO).  Contractility  of  smooth  muscle  is 
the  net  result  of  all  motor  neuron  transmitters  released,  both 
inhibitory  and  excitatory.  Neurokinin  A  (NKA)  and  substance  P  (SP) 
increase  smooth  muscle  contractility,  while  NO  and  VIP  relax  smooth 
muscle  (Figure  1).  Additionally,  adrenergic,  cholinergic  and  NANC 
neurotransmitters  can  influence  interneurons  or  motor  neurons  in 
either  an  inhibitory  or  excitatory  fashion  through  inter  neuronal 
connections.  Output  from  the  ENS  to  the  local  effector  organ,  the 
muscle,  controls  the  minute  to  minute  coordination  of  contractions  in 
time  and  space. 
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Figure  1  Enteric  nervous  system  regulation  of  contractility  in  the 
colon 
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Smooth  Muscle  Properties 

Smooth  muscle  contraction,  which  underlies  all  motility 
patterns,  is  in  part  defined  by  properties  inherent  in  the  smooth 
muscle.  Smooth  muscle  in  vascular  tissue,  as  well  as  the 
gastrointestinal  tract,  exhibits  characteristics  that  are  both  similar 
and  different  from  those  of  skeletal  muscle.  Both  muscle  types  rely 
on  intracellular  calcium  (Ca+2)  for  interaction  of  actin  and  myosin  to 
produce  a  contraction.  In  both  types  of  muscle,  this  interaction 
between  actin  and  myosin  proteins  can  be  optimized  by  the  degree 
the  muscle  is  stretched  (length)  prior  to  the  contraction  in  both 
muscle  types.  The  degree  of  stretch  that  enables  maximum  exposure 
of  actin-myosin  contact  points  (or  "crossbridge  formation")  provides 
the  greatest  contractile  force  when  challenged  with  a  depolarizing 
stimulus,  and  is  defined  as  the  optimal  length  (L0).  The  tension 
developed  within  the  tissue  prior  to  the  contractile  event  is  termed 
passive  tension,  the  tension  developed  in  response  to  the  stimulation 
is  termed  active  tension,  and  the  sum  of  the  two  is  the  total  tension. 

Smooth  muscle  differs  from  skeletal  in  the  arrangement  and 
relative  amounts  of  the  contractile  proteins  actin  and  myosin.  While 
skeletal  muscle  actin  and  myosin  are  associated  in  a  orderly  parallel 
fashion,  with  actin  molecules  anchored  to  the  cell  wall  at  the  z  lines, 
the  association  of  actin  and  myosin  in  smooth  muscle  is  more 
randomly  oriented,  and  actin  filaments  are  attached  to  the  cell  wall 
at  z-line  protein  containing  junctions  known  as  dense  bodies. 

Smooth  muscle  differs  from  skeletal  muscle  in  the  source  of 
Ca+2.  Smooth  muscle  does  not  have  the  extensive  sarcoplasmic 
reticulum  (SR)  stores  of  intracellular  Ca+2  and  therefore,  relies  much 
more  on  extracellular  Ca+2  influx  for  Ca+2  induced  contraction.  Ca+2 
influx  occurs  following  the  opening  of  Ca+2  channels  either  on  the  SR 
or  plasma  membrane  and  can  be  either  receptor  mediated  (receptor 
activated  channels)  or  can  occur  as  the  depolarizing  stimulus  opens 
Ca+2  channels  (voltage  sensitive  channels),  such  as  when  large 
amounts  of  extracellular  potassium  are  applied  to  the  cell  membrane. 
The  relative  proportion  of  extracellular  to  intracellular  fluxes 
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appears  to  vary  according  to  the  anatomical  location  of  the  smooth 
muscle  within  the  gut.  Longitudinal  smooth  muscle  relies  more  on 
extracellular  Ca+2  influx  than  circular  muscle  and  circular  muscle 
more  on  intracellular  release  of  Ca+2  than  longitudinal[24]. 

Smooth  muscle  exhibits  differences  from  skeletal  muscle  in 
both  the  neural  initiation  of  contraction,  as  well  as  the  contractile 
process.  The  process  of  contraction  in  skeletal  muscle  relies  on 
potentials  developed  in  response  to  neurotransmitter  release  at 
specialized  structures  known  as  endplates,  initiating  a  depolarization 
of  the  t-tubule  system  which  results  in  an  "all  or  none"  contraction. 
This  contraction  results  from  interaction  between  actin  and  myosin 
which  is  dependent  on  the  presence  of  troponin  and  tropomyosin.  In 
contrast,  smooth  muscle,  influenced  by  neurotransmitter  release 
from  varicosities,  is  a  calmodulin-dependent  process  and  the  degree 
of  myosin  light  chain  kinase  phosphorylation  determines  the  degree 
of  contraction  elicited,  promoting  a  "graded"  response.  As  such, 
because  the  smooth  muscle  cells  are  connected  by  gap  junctions,  the 
smooth  muscle  layer  exhibits  a  graded  contraction  or  "tone"  while 
under  the  influence  of  the  ENS. 

The  circular  smooth  muscle  layer  contains  specialized  cells  that 
exhibit  a  periodic  fluctuation  of  their  membrane  potential  and  they 
drive  other  muscle  cells  connected  to  them  by  gap  junctions  to 
experience  the  same  fluctuations.  These  cells,  known  as  the 
Interstitial  cells  of  Cajal,  effectively  generate  what  is  known  as  the 
basic  electrical  rhythm  (BER)  of  the  gut.  The  muscle  may  reach 
threshold  at  the  peak  of  one  of  these  depolarizing  cycles  and  contract 
depending  on  the  environment  at  the  time. 

In  this  respect,  gastrointestinal  muscle  and  vascular  muscle 
differ  because  vascular  muscle  doesn't  exhibit  BER.  Additionally, 
while  vascular  smooth  muscle  requires  stimulatory  input  from  the 
SNS  to  maintain  contractile  tone,  the  gastrointestinal  smooth  muscle 
is  inherently  contractile  and  depends  upon  a  continuous  inhibitory 
input  from  the  ENS.  The  importance  of  inhibitory  input  is  shown  by 
the  powerful  almost  "tetanic"  contraction  of  the  gut  in  the  absence  of 
the  ENS. 
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Therefore,  not  only  neural  input,  but  the  sum  of  both  neural 
and  inherent  smooth  muscle  characteristics  defines  the  contractile 
state.  Thus,  in  the  course  of  IBD,  it  is  possible  that  immunological 
priming  of  muscle  or  neurons  impacts  on  muscle  contractility  to 
change:  1)  receptor  density  or  receptor  affinity,  2)  post-receptor 
signaling  mechanisms,  3)  release  or  degradation  of  excitatory  or 
inhibitory  transmitter,  4)  muscle  or  neuronal  permeability 
(excitability)  5)  neuronal  associations  6)  or  contractile  protein 
amount  or  efficiency.  Any  or  all  of  these  can  undergo  changes  due  to 
the  inflammatory  milieu  and  work  together  to  produce  the  motility 
patterns  characteristic  of  IBD. 

Acetylcholine  (ACH)  Background 

ACH  is  one  of  the  major  neurotransmitters  of  the  ANS.  It  is 
involved  in  stimulation  of  all  autonomic  ganglia,  and  it  is  released 
from  pre-  and  postganglionic  neurons  of  the  PSNS.  ACH  acts  on  both 
nerve  and  smooth  muscle  in  the  GI  tract  through  muscarinic  (M)  and 
nicotinic  receptors  (N).  N  receptor  activation  causes  ligand-gated 
cation  channels  to  open  and  depolarize  the  cell.  Within  the  wall  of 
the  colon.  N  receptors  are  present  only  on  the  ganglionic  neurons, 
while  M  receptors  are  present  on  ganglionic  neurons,  as  well  as 
smooth  muscle.  Action  at  N  receptors  can  be  effectively  blocked  by 
hexamethonium  (HEX),  a  non-depolarizing  ganglionic  blocker  that 
acts  to  physically  block  the  N  regulated  cation  channel. 

The  three  major  M  receptor  subtypes  and  their  locations  within 
the  colon  are:  Ml,  primarily  on  the  post  synaptic  nerve  terminals; 

M2,  on  presynaptic  terminals  of  nerves;  and  M3,  present  on  the 
glandular  and  smooth  muscle  tissue  [47].  All  three  types  of  M 
receptors  are  effectively  blocked  by  atropine,  a  competitive 
antagonist  of  ACH.  Ml  and  M3  receptor  activation  cause  an  increase 
in  inositol  1,4,5  triphosphate  (IP3 )  and  diacylglycerol  (DAG)  second 
messengers  that  either  decrease  potassium  conductance  (Ml)  or 
increase  intracellular  Ca+2  (M3),  stimulating  a  response[47].  M2 
receptors,  located  presynaptically,  mediate  a  decrease  in  cAMP, 
increased  potassium  conductance  and  hyperpolarization  of  the 


neuron  responsible  for  release  of  the  activating  transmitter 
(ACH)[47].  Therefore.  M2  receptors  are  involved  in  negative 
feedback  mechanisms  regulating  ACH  release. 

Regulation  of  ACH  activity 

In  addition  to  the  auto-inhibitory  feedback  mediated  by  M2 
receptors,  ACH  release  is  inhibited  by  NE  at  the  presynaptic  terminal, 
also  decreasing  further  release[47].  ACH  activity  is  regulated  by 
limitations  in  synthesis  and  degradation.  Choline  is  acylated  by 
acetyltransferase  (CAT)  in  the  production  of  ACH.  The  rate  limiting 
step  in  the  production  of  ACH  is  choline  transport  into  the  cell  (which 
in  turn  is  controlled  by  the  release  of  ACH).  Cholinesterase,  located 
on  the  presynaptic  membrane,  hydrolyzes  ACH.  effectively 
deactivating  the  molecule.  Finally,  yet  another  way  ACH  activity 
may  be  regulated  is  through  the  co-release  of  other  transmitters  or 
modulatory  peptides,  which  may  be  either  synergistic  or  inhibitory 
in  nature[47]. 

Tachykinin  (TK)  Background 

TKs  are  a  family  of  bioactive  peptides  that  share  a  common 
carboxyl-terminal  sequence  and  thus  exhibit  similar  pharmacological 
properties  [43].  The  three  mammalian  TKs  and  their  respective 
preferred  receptors  are;  SP:  NK-1,  NKA:  NK-2,  and  Neurokinin  B(NKB): 
NK-3[23].  Only  the  endogenous  TKs,  SP  and  NKA,  are  relevant  to  IBD. 
since  NKB  is  absent  in  the  peripheral  nervous  tissue[23] .  Both  SP  and 
NKA  exhibit  cross  reactivity  for  the  three  receptors  that  are  located 
on  both  enteric  neurons  and  smooth  muscle  cells  within  the  gut  [1, 
23].  The  relative  distribution  of  the  types  between  muscle  and  nerve 
varies  however,  between  species  and  by  location  along  the 
gastrointestinal  tract[26].  In  general,  NK-1  receptors  are  located  on 
both  nerve  and  muscle,  while  NK-2  is  primarily  (but  not  exclusively) 
on  muscle,  and  NK-3  is  primarily  (but  not  exclusively)  on  nerves[l, 
36].  Furthermore,  SP  is  more  effective  at  releasing  ACH  from  enteric 
neurons,  while  NKA  has  a  more  direct  action  on  smooth  muscle  [23]. 


SP  and  NKA  are  present  in  the  nerve  endings  of  the  ENS  and  act 
on  both  muscle  and  nerve  to  cause  depolarizing  events.  Activation  of 
any  of  the  three  TK  receptors  on  smooth  muscle,  through  associated  G 
proteins,  increases  IP3  and  DAG  second  messenger  pathways  causing 
increased  release  of  intracellular  Ca+~  to  activate  contractile 
mechanisms  [26,  34],  TKs  effectively  depolarize  myenteric  neurons 
in  a  dose  dependent  fashion  primarily  by  causing  increased 
membrane  resistance  to  potassium  current[15].  TKs  can  therefore 
excite  smooth  muscle,  both  directly,  and  indirectly  through 
neuromodulation  of  other  enteric  neurons  [27]. 


Regulation  of  TK  activity 

Clearance  of  the  TKs  from  the  neural  synapse  occurs  through 
action  of  neutral  endopeptidases.  As  a  result,  changes  in  these 
endopeptidases  may  modulate  effects  of  the  TKs,  similar  to  the 
degradative  enzymes  of  the  cholinergic  and  adrenergic  systems  [9], 
Neurotransmitter  activity  may  be  shut  down  by  desensitization,  a 
process  known  as  tachyphylaxis.  This  process  regulates  the  SP.  but 
not  the  NKA  response. 

The  TKs  both  modulate,  and  are  modulated  by.  the  release  of 
ACH  [10,  23,  28,  41,  55].  Cholinergic  TK  influence  has  been  reported 
to  be  both  inhibitory  and  synergistic  [32,  55].  It  is  well  documented 
that  ACH  co-exists  with  SP  in  nerve  terminals  and  ACH  release 
decreases  SP  release  by  presynaptic  inhibitory  mechanisms  [10.  41, 
55].  Therefore,  changes  in  either  transmitter  pathway  could  impact 
on  the  other  during  the  inflammatory  process. 


Evidence  for  TK/Cholinergic  changes  and  the  immunological  role  of 
TKs  during  inflammation 

Current  in  vivo  evidence  suggests  that  TK  neurotransmitters, 
the  major  NANC  contractile  agents  in  the  ENS.  may  contribute  to 
motility  changes  associated  with  IBD.  Immunocytochemical 
localization  of  SP  in  colonic  tissue  from  Crohn's  and  ulcerative  colitis 


patients  indicates  there  is  an  elevated  production  of  TKs  in  both 
diseases  [39].  SP  increases  are  seen  along  the  basolateral  areas  of  the 
epithelial  cells  and  in  the  circular  smooth  muscle  layer.  In  Crohn's 
disease,  SP  is  elevated  in  the  longitudinal  muscle,  an  area  normally 
containing  only  a  sparse  number  of  SP-containing  neurons  [39]. 
Additionally,  NKj  receptors  are  significantly  increased  in  colon  from 
IBD  patients[37], 

TKs  are  intimately  associated  with  the  immunological  system. 
SP,  along  with  calcitonin  gene  related  peptide  (CGRP),  is  present  in 
capsaicin-sensitive  afferent  C  fibers  [29].  Capsaicin,  the  pungent 
ingredient  of  red  pepper,  acts  on  unmyelinated  C  fibers.  It  has  been 
used  as  a  tool  to  evaluate  the  contribution  of  primary  afferent 
neurons.  Capsaicin  acts  at  a  "vanilloid"  receptor  which  is  expressed 
by  a  subset  of  afferent  neurons  designated  "capsaicin  sensitive 
primary  afferents". 

Acute  administration  of  capsaicin  selectively  activates  sensory 
afferents  to  release  primarily  SP,  VIP  and  CGRP.  This  effect  is 
transient,  not  reproducible,  and  protective.  SP  may  mediate  signals 
that  increase  protection  (by  way  of  increased  blood  flow  or  immuno- 
modulation)  to  the  damaged  mucosa  [29].  Acute  administration  of 
capsaicin  with  colitis  induction  in  two  animal  models  (rabbit  and  rat) 
showed  a  protective  effect  [22,  49]. 

Chronic  administration  of  capsaisin  depletes  SP  and  CGRP  from 
afferent  nerve  terminals,  desensitizes  sensory  afferents  and  thus 
enhances  the  effects  of  noxious  stimuli.  Chronic  pre-administration 
of  capsaicin  exacerbated  experimental  colitis  in  rats,  suggesting  that 
sensory  afferents  are  protective  during  induction  of  colitis  [11]. 

TKs  act  as  vasodilators,  agonists  of  intestinal  smooth  muscle 
contractility  and  mucosal  secretory  agents  and  are  known  to  impact 
on  a  number  of  inflammatory  responses  such  as  mast  cell  and 
macrophage  recruitment  and  stimulation  [27,  43].  Therefore, 
changes  in  the  TKs  during  inflammation  may  not  only  serve  to 
immuno-modulate,  but  they  may  also  cause  alterations  in  neuronal 
or  muscle  tissue,  contributing  to  motility  disturbances  associated 
with  IBD. 


Cholinergic  neurotransmitters  are  also  thought  to  contribute  to 
motility  changes  associated  with  inflammation.  Inflammation 
appears  to  cause  complex  alterations  in  ACH  metabolism  at  multiple 
levels.  Intestinal  inflammation  causes  a  hyperresponsiveness  of 
smooth  muscle  to  carbachol,  possibly  by  a  decreased  release  of  ACH 
from  inflamed  tissues.  Studies  of  inflamed  jejunum  have 
documented  there  is  decreased  release  of  ACH  from  nerve 
terminals[7].  Recently,  the  same  group  reported  inflammatory 
increases  in  the  activity  of  acetyltransferase  (CAT),  the  enzyme 
responsible  for  the  production  of  ACH[38].  The  same  study  showed  a 
depressed  activity  of  the  degradative  enzyme  acetylcholinesterase  in 
response  to  inflammation[38].  Both  the  increased  activity  of  the 
production  enzyme  and  the  decreased  activity  of  the  degradative 
enzyme  are  maneuvers  that  would  tend  to  increase  the  level  of  ACH 
at  the  synaptic  terminal.  Both  the  hyperresponsiveness  of  the 
muscle  to  carbachol  (possible  up-regulation  of  receptors  due  to 
decreased  ACH  release)  and  changes  in  degradative  and  synthetic 
pathways  may  serve  as  regulatory  attempts  to  increase  ACH  activity 
at  the  muscle.  Many  investigators  suggest  that  the  cholinergic 
influence  of  SP  may  be  either  inhibitory  or  synergistic  [32,  55]. 
Therefore,  there  appear  to  be  alterations  in  ACH  that  could  influence 
motility  during  inflammation  either  directly  or  through  modulation 
of  SP  response. 

Changes  in  muscle  contractility  of  distal  colon  have  been 
assessed  primarily  in  vitro  in  chronic  models  of  inflammation  (>5 
days  post  inflammation)  (Table  I)  [25,  44,  45,  58]  The  results  vary 
according  to  the  model  and  species  studied.  Muscularis  mucosae  of 
rabbits  inflamed  with  TNBS  exhibited  no  contractile  changes  in 
response  to  SP,  VIP  and  histamine,  but  had  depressed  responses  to 
arachidonic  acid  metabolites,  ACH  and  KC1[44,  45].  Muscularis 
externa  appears  to  be  unaffected  by  inflammation  in  this  model[44]. 
Circular  muscle  from  a  different  model  of  inflamed  rabbit 
(formalin/immune  complex)  showed  decreased  responsiveness  to 
electrical  field  stimulation  (EFS),  bethanechol,  and  KC1[58].  Inflamed 
rat  longitudinal  muscle  using  TNBS,  acetic  acid,  mitomycin  C  and  T . 
spiralis  larvae  as  inflammatory  agents  demonstrated  depressed 


Table  I 


INFLAMED  DISTAL  COLONIC  CONTRACTILITY 


Ref. _ Agonists _ Model _ Muscle _ Contractility 

(58)  Bethanechol  Rabbit  Circular  i 

K  Formalin/immune 

Chronic(5  days) 


(44) 

Acetylcholine 

Rabbit 

Circular 

<-> 

PGE2,PGF2ft 

TNBS/50%  EtOH 

Longitudinal 

LTB4,  LTD4 

Chronic(5  days) 

Muscularis  mucosae 

i 

K  (60m  M) 

(45) 

VIP 

Rabbit 

Muscularis  mucosae 

<-> 

SP 

TNBS/50%  EtOH 

" 

<-> 

Chronic(5  days) 

(25) 

Carbachol 

Rat 

Longitudinal 

-l 

SP 

TNBS/50%  EtOH 

K 

Acetic  acid 

Mitomycin  C 

T.  spiralis  larvae 
Chronic(6  days) 

responsiveness  to  carbachol,  SP  and  KC1  in  all  models[25].  Despite  the 
mixed  results  from  these  studies,  there  appears  to  be  a  non-specific 
reduction  in  contractility  of  the  colonic  musculature  in  chronic 
inflammation. 

In  contrast,  an  in  vivo  study  by  Pons  et.  al.,  measured  colonic 
transit  in  a  TNBS  model  of  colitis  and  found  an  initial  increase  in 
transit  within  the  first  8  hours  of  inflammation,  followed  by  an 
overall  decreased  transit  during  the  following  24-48  hours  post 
inflammation[46].  It  is  of  interest  to  note  that  TKs  are  decreased  in  a 
time  dependent  fashion  during  the  acute  phase  of  colitis  in  rabbits 
and  become  significantly  reduced  after  eight  hours[12].  These  data 
suggest  that  the  initial  stages  of  inflammation  are  characterized  by 
TK  increase,  causing  increased  contractility  and  transit.  Increased 
transit  may  be  the  result  of  TK  initiated  giant  migrating  contractions 
typical  of  colitis.  This  may  be  followed  by  a  reduction  in  TK  release, 
decreased  contractility  and  transit. 

Recently,  a  study  in  a  rabbit  model  of  acute  ileitis,  showed  an 
enhanced  non-cholinergic  excitation  of  ileal  circular  smooth  muscle  in 
response  to  EFS[  1 9].  Desensitization  to  SP  ameliorated  this  excitation, 
indicating  that  there  might  be  an  increase  in  the  release  of,  or 
sensitivity  to  TKs  during  the  acute  inflammatory  process.  Additional 
studies  of  this  same  ileitis  model  showed  changes  in  NKA  muscle 
contractility  as  well  (submitted  for  publication).  The  results  support 
a  role  for  TK-mediated  increase  in  contractility  during  the  initial 
stages  of  inflammation. 

There  is  at  present  little  information  on  TK  induced 
contractility  during  the  acute  stages  of  inflammation  in  the  colon. 
Additionally,  information  on  cholinergic  changes  during  inflammation 
is  derived  primarily  from  nematode  infection-induced  inflammation 
in  the  intestine,  which  may  or  may  not  be  relevant  to  IBD.  Mounting 
evidence  from  studies  in  the  small  intestine  supports  the  hypothesis 
that  contractile  responses  to  TK  transmitters  are  altered  during  the 
acute  phase  of  inflammation  (possibly  in  concert  with  cholinergic 
changes)  and  may  contribute  to  motility  disturbances  seen  in  IBD.  It 
is  apparent  from  the  literature  that  there  are  cholinergic  and  TK 
mediated  changes  during  inflammation  of  the  intestine.  It  is  unclear 


whether  similar  alterations  of  these  transmitters  exist  in  the  colon, 
whether  they  may  differ  between  acute  and  chronic  stages  of 
inflammation. 


RATIONALE: 


The  present  study  was  designed  to  investigate:  1)  changes  in 
the  response  of  colonic  circular  smooth  muscle  to  TKs  and  ACH  during 
both  acute  and  chronic  inflammation  2)  to  discriminate  between 
changes  in  non-specific  contractile  properties  of  the  muscle  and 
receptor-mediated  changes  during  the  course  of  the  inflammation. 


HYPOTHESIS  I 

There  are  specific  alterations  in  the  circular  smooth  muscle 
response  to  TKs  in  acute  versus  chronic  inflammation  of  the  distal  rat 
colon. 


HYPOTHESIS  II 

There  are  alterations  in  the  neural  control  of  smooth  muscle 
response  to  TKs,  as  well  as  in  TK  receptor  function,  in  acute 
inflammation  of  the  distal  rat  colon. 


MATERIALS,  METHODS,  AND  DESIGN 


Inflammatory  Animal  model 

Male  Sprague  Dawley  rats  (purchased  from  Taconic  Farm  and 
weighing  between  150-350  g)  were  anesthetized  with  Rompun  (12 
mg/Kg)  (Miles  Inc.,  Shawnee  Mission,  KS)  and  Ketamine  (60  mg/Kg) 
(Fort  Dodge  Laboratories  Inc.,  Fort  Dodge.  IA),  for  the  rectal 
administration  of  1  mL  of  either  TNBS  solution  (25  mg/mL  50% 
ethanol)  or  saline.  They  were  re-anesthetized  for  surgical  removal  of 
the  entire  distal  colon  (up  to  the  transverse  colon)  at  the  end  of  the 
either  4  hours  (acute)  or  7  days  (chronic).  Tissue  was  taken  for  in 
vitro  muscle  contracture  measurements  and  histological  evaluation. 
Animals  were  then  euthanized  with  an  overdose  of  pentabarbital 
administered  intraperitoneally. 


Inflammation/histology /muscle  characteristics 

Full  thickness  sections  of  distal  colon  from  each  animal  were 
pinned  mucosa  side  up  and  fixed  in  4%  formaldehyde  and  1% 
gluteraldehyde  in  176  mOsmol  buffer.  Representative  tissues  from 
each  group  (n=5-7)  were  embedded  in  paraffin,  sectioned  (6  pm  in 
thickness)  and  stained  with  either  hematoxylin  and  eosin  (H&E)  or 
Giemsa  for  light  microscopic  examination.  Giemsa-stained  slides 
were  used  to  differentiate  leukocyte  infiltrate. 

In  H&E  stained  sections,  an  ocular  micrometer  was  used  to 
measure  the  thickness  of  the  muscularis  externa,  circular  muscularis 
externa,  muscularis  mucosae  and  submucosa  using  a  20  X  objective 
(Olympus,  Olympus  Optical  Co.,  LTD.  Tokyo,  Japan).  Three  to  five 
measurements  of  each  area  were  taken  from  each  animal  and  the 
values  averaged.  The  ratio  of  circular  muscularis  externa  to  total 
muscularis  externa  was  used  in  the  calculation  of  smooth  muscle 
force  expressed  per  cross-sectional  surface  area.  Changes  in  the 


muscularis  externa  measurement  were  used  as  an  index  of  muscle 
thickening. 

Inflammatory  scores,  based  on  criteria  listed  in  Table  II,  were 
assessed  in  a  blinded  fashion  to  evaluate  mucosa,  lamina  propria, 
submucosa  and  muscle  structures.  Scores  for  epithelial  integrity 
were  based  on  a  single  rating  of  the  mucosa  using  Table  II  criteria, 
while  scores  for  vasocongestion  were  an  average  of  ratings  for 
lamina  propria,  submucosa  and  muscle  layers. 

Using  the  method  described  by  Percy  et.  al.,  the  length  of 
maximal  active  tension  development  (Lo)  was  determined  for  all 
muscle  strips,  using  ACH  (10_4  M)[44],  Passive  and  total  tensions  at 
Lo  were  observed  at  baseline  tension  and  maximum  tension 
developed  (in  response  to  10'4  M  ACH  challenge),  respectively. 

Active  tension  at  Lo  was  calculated  as  the  difference  between  the 
total  and  passive  tensions. 

Muscle  strip  wet  weights  were  taken  at  the  end  of  each 
experiment.  This  was  accomplished  by  cutting  the  portion  of  muscle 
that  lies  between  the  4.0  silk  points  of  attachment,  briefly  blotting  on 
filter  paper  to  remove  excess  buffer,  and  weighing  on  the  analytical 
balance  (AND,  A  &  D  Co..  Ltd-Tokyo,  Japan). 

Design 

Animals  were  randomly  placed  in  one  of  the  three  groups 
(saline,  acute  or  chronic).  Following  the  treatment  period,  the  distal 
colon  was  harvested  and  prepared  for  contractility  studies. 
Concentration  response  curves  were  constructed  to  various  agonists 
in  the  presence  or  absence  of  various  blockers.  (Table  III). 
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TABLE  II 


INFLAMMATORY  EVALUATION  CRITERIA 


Epithelial  Integrity 


Score/grade 


Description 


0 

1 

2 

3 

4 


normal 

space  at  tips  of  villi 
epithelial  lifting 
detached  epithelia 
exposed  lamina  propria 


Vasculature/vasocongestion 


Score/grade 


Description 


0 

1 

2 

3 

4 


normal 
dilation  only 
congestion/dilation 
severe  congestion/dilation 
frank  hemorrhage 


TABLE  III 


MUSCLE  CONTRACTURE  DESIGN 


CRCs 

BATH  TREATMENTS* 

NT/AGONIST 

NONE 

HEX 

HEX/A 

A 

TTX 

TTX/A 

ACH(io-3  -  io_9m ) 

s/a/c 

s/a/c 

s/a/c 

s/a/c 

NKA(io-3  -  io-9M) 

s/a/c 

s/a/c 

s/a 

s/a 

p-Alaao-6  -  io-'°M) 

s/a 

s/a 

s/a 

s/  a 

SP(10'6  -  10' 1  °M  ) 

s/a/c 

s/a/c 

s/a 

s  /a 

Sar-P(i0'6-  io-10m  > 

s/a 

s/a 

s/a 

s/a 

Senk(i0'5  -  10'10M) 

s/a 

s/a 

s/a 

s/a 

KC1(3  -  120  mM) 

s/a  /  c 

Inflammatory  groups  tested  (s=saline,  a=acute,  c=chronic). 

*  Final  bath  concentrations  for  treatments  are  as  follows:  HEX 
(Hexamethonium)=10"4  M,  A  (Atropine)=10'^M,  TTX 
(tetrodotoxin)=10‘6  M. 
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Muscle  Contractility  Measurements 

Mucosa-free  muscle  segments,  approximately  1.0  x  0.4  cm. 
were  cut  and  hung  in  the  circumferential  axis  with  4.0  silk  in  7.5  mL 
organ  baths.  Tissue  was  attached  to  an  isometric  Grass  FT03  force- 
displacement  transducer  and  maintained  in  oxygenated  Krebs 
solution  at  37  °  C.  Tension  changes  were  calibrated  using  a  2  g 
weight  and  responses  were  recorded  using  a  Grass  model  79 
Polygraph  (Grass  Instruments,  Quincy,  MA).  L0  was  determined  for 
all  muscle  strips  using  the  method  described  by  Percy  et.  al.  and  then 
allowed  to  equilibrate  for  a  period  of  1/2  hr.  [44],  Bath  treatments 
were  allowed  to  equilibrate  with  the  tissue  for  twenty  minutes  prior 
to  challenge  with  agonists.  Agonists  were  added  to  the  tissue  and 
tension  changes  observed  for  approximately  one  minute  before 
flushing  with  new  buffer.  Tissue  was  allowed  to  recover  for  either 
10-15  minutes  (ACH  and  KC1)  or  30  minutes  (TKs  and  TK  receptor 
agonists)  following  each  challenge.  Old  buffer  was  replaced  with 
newly  oxygenated  Krebs  buffer  every  10  minutes  and  again  after 
every  challenge.  Bath  treatments  (see  table  III)  were  added  back  to 
the  appropriate  baths  after  each  exchange  of  new  buffer.  At  the  end 
of  the  experiment,  each  muscle  strip  was  exposed  to  a  single 
concentration  of  60  mM  KC1  (final  bath  concentration)  as  an 
assessment  of  viability. 

Reagents 

All  chemicals,  with  the  exception  of  TKs  and  their  specific 
agonists,  were  purchased  from  Sigma  (St.  Louis,  MO).  TNBS  was 
purchased  from  Sigma  as  a  5%  (W/V)  aqueous  solution  of  the 
hydrated  acid  form.  TKs  were  purchased  from  Peninsula  (Belmont, 
CA)  and  the  TK  receptor  agonists  from  Research  Biochemicals 
International  (RBI,  Natick,  MA).  Krebs  buffer  contained  (in  mM) 

118.5  NaCl,  4.75  KC1,  2.54  CaCQ,  1.19  MgS04,  25  NaHC03,  1.19 
NaH2P04  and  11.0  glucose.  TKs  and  receptor  agonists  were  dissolved 
in  0.01  M  acetic  acid  and  stored  as  stock  solutions  of  10'4  M  or  10'  3 
M  (Senktide)  at  -80  °  C.  The  appropriate  dilutions  from  stock  were 
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made  in  0.01  M  acetic  acid  on  the  day  of  the  experiment.  Stock 
solutions  of  ACH  chloride  (1(H  M)  in  water  were  made  and  stored  at 
4  0  C.  The  appropriate  dilutions  were  made  in  water  the  day  of  the 
experiment.  A  saturated  KC1  stock  solution  (4  M)  was  made  and 
maintained  at  room  temperature,  and  appropriate  dilutions  made  the 
day  of  the  experiment.  Working  concentrations  of  atropine  sulfate 
(10'3  M),  tetrodotoxin  (10‘3  M),  and  hexamethonium  (10"2  M)  were 
made  fresh  weekly  and  kept  at  4°  C  at  all  times.  Atropine  and 
hexamethonium  were  dissolved  in  deionized  water,  while 
tetrodotoxin  was  prepared  in  a  citrate  buffer  (50  mM  citric  acid,  48 
mM  NaH2P04). 

Calculation  of  results 

Various  standards  have  been  used  to  normalize  tension 
including  challenge  to  ACH  or  KC1  (%  maximal  response),  or  surface 
area  of  the  muscle  strip[  1 9,  44,  45].  Normalization  is  necessary  to 
correct  for  the  amount  of  tissue  generating  the  contraction,  ensuring 
accurate  comparison  among  preparations.  It  is  important  to 
normalize  to  a  factor  that  doesn't  change  during  the  inflammatory 
process,  so  that  only  the  numerator  value  of  tension  developed  is 
considered  in  the  comparison  between  inflamed  groups.  There  were 
potential  effects  of  inflammation  on  KC1  and  ACH  responses. 

Therefore,  tension  was  normalized  to  cross-sectional  surface  area  of 
the  muscle.  Theoretically,  any  surface  area  changes  among  the 
groups  should  generate  the  same  degree  of  muscle  tension 
development  in  response  to  a  given  agonist.  Here,  the  assumption  is 
that  muscle  tension  development  is  directly  proportional  to  muscle 
surface  area,  and  this  is  constant. 

Therefore,  the  magnitude  of  isometric  tension  development 
was  expressed  as  force  per  cross  sectional  area  using  the  following 
formula[44]: 

Force  =  grams  tension  developed  x  G  (9.8  m/sec2.) _ 

Area  mass  (gm  wet  weight)/{ density  (g/mL  x  length  (cm)} 


Lo  and  1.05  g/mL  are  used  for  length  and  muscle  density, 
respectively,  in  the  calculation^  1]. 

Effective  concentrations  at  which  50%  of  the  maximal  tension 
(EC  50s),  as  well  as  maximal  tension  (Tmax)  develops  in  response  to 
an  agonist,  were  calculated  using  Graphpad  software  program 
(Graphpad,  Inc.,  Philadelphia,  PA). 

Statistics 

Results  were  summarized  as  means  ±  SE  and  unless  otherwise 
noted,  concentration  response  curves  were  based  upon  data  obtained 
from  5-8  animals.  Analysis  of  variance  followed  by  a  Bonferoni  t- 
test  was  used  to  assess  singular  measurements  between  controls  and 
inflamed  groups  (Primer  of  Biostatics,  McGraw-Hill,  NY,  NY). 
Concentration  response  curves  expressed  as  force/cross  sectional 
surface  area  were  compared  between  control  and  inflamed  groups, 
using  a  multivariate  analysis  of  variance  (MANOVA)  with  repeated 
measures,  followed  by  a  t-test  designed  for  comparison  of  multiple 
means  (Systat  5.2,  Systat  Inc.). 


25 


RESULTS 

Histology,  Inflammation  Characteristics,  and  Muscle 

Parameters 

Histology  and  inflammation  characteristics 

TNBS  inflammation  significantly  increased  vasocongestion  and 
compromised  epithelial  integrity  (Table  IV).  Inflammation  scores  in 
both  the  acute  and  chronic  groups  were  significantly  increased  over 
the  saline  group  (P  <  0.05).  Microscopic  measurements  of  tissue 
components  in  acute  colon  showed  no  significant  changes  from  saline 
rats  (Table  IV).  Chronic  rats  exhibited  significantly  greater 
morphologic  alterations  over  saline  animals  in  submucosa,  and  in 
both  total  and  circular  muscularis  externa  (P  <  0.05,  Table  IV). 
Additionally,  chronic  animals  had  significantly  thicker  circular 
muscularis  externa  than  did  acute  animals  (P  <  0.05).  The  thickness 
of  muscularis  mucosae  was  unchanged  among  the  groups. 

Photomicrographs  of  distal  colon  obtained  from  representative 
animals  in  saline,  acute  and  chronic  treatment  groups  are  shown  in 
Figures  2  and  3.  Saline  animals  exhibited  normal  epithelial  and 
muscle  architecture.  Acute  inflammation  was  characterized  by 
inflammatory  neutrophil  infiltrate  and  vasocongestion  in  the 
submucosa  and  mucosa,  and  damaged  epithelia.  The  chronic  tissue 
showed  similar  changes  in  both  the  mucosa  and  submucosa,  a 
prominent  increase  in  the  muscularis  externa  thickness.  This  change 
appeared  to  be  equal  in  both  circular  and  longitudinal  muscle  layers, 
as  the  ratio  of  circular  to  total  was  unchanged  by  chronic 
inflammation  (Table  IV).  The  second  major  feature  of  chronic 
animals  was  the  presence  of  lymphocytic  rather  than  neutrophilic 
infiltrate  (Figure  3). 

Muscle  parameters 

Physical  characteristics  of  the  muscle  from  inflamed  and  saline 
treated  groups  are  summarized  in  Table  V.  The  length  at  which 
maximal  contraction  was  elicited  (L0)  did  not  change  in  either  acute 
or  chronic  inflammation.  Both  wet  weight  and  tension  were 
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TABLE  IV 


INFLAMMATORY  SCORES 
AND 

HISTOLOGY  MEASUREMENTS 


INFLAMMATORY  SCORES 


Integrity 

Vasocongestion 

SALINE  (7) 

0.8(+0.4) 

0.6(±0.2) 

ACUTE(7) 

2.6(±0.3)* 

2.5(±0.2)* 

CHRONIC(5) 

2.9(±fi.8)* 

2.2(±0.5)* 

Integrity  scores  are  from  the  epithelium  comprising  the  mucosa,  while 
vasocongeslion  scores  represent  the  average  of  lamina  propria,  submucosa 
and  muscle  layer  scores  (For  rating  criteria,  see  Table  II). 


HISTOLOGY  MEASUREMENTS  ()tm) 


Sub¬ 

Muscularis 

Muscularis  externa 

mucosa 

mucosae 

Total 

Circular 

Ratio  (%) 

m 

567  ±  76 

2227  ±  144 

Acute  (7) 

1955  ±  161 

530  ±  60 

1120  ±  132 

72.8  ±  3.5 

Chronic(6) 

*  Indicates  results  differ  significantly  from  Saline  group  (P  <  0.05). 

#  Indicates  results  differ  significantly  from  Acute  group  (p  <  0.05). 


Figure  2  Photomicrographs  of  H&E  stained  tissue  sections  of  distal  colon  from  normal,  acutely 
inflamed,  and  chronically  inflammed  male  Sprague  Dawley  rats.  Magnification  X  58. 


CN 


28 


Figure  2 


Figure  3.  Photomicrographs  of  Giemsa  stained  tissue  sections  of  distal  colon  from  normal,  acutely 
inflamed,  and  chronically  inflamed  male  Sprague  Dawley  rats.  A  and  B  show  areas  from  base  of  villus 
crypt  near  muscularis  mucosa.  C  shows  submucosa  area  only.  Magnification  X  576. 
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Figure  3 


unaffected  by  acute  inflammation.  Chronic  inflammation,  on  the 
other  hand,  produced  significantly  increased  wet  weights  over  both 
saline  and  acute  groups  (P<  0.05).  Chronic  animals  also  exhibited  a 
lower  passive  tension  (tension  on  the  muscle  at  Lo  before  the 
contractile  event)  than  the  saline  treated  control  group  (P<  0.05).  In 
addition,  total  tension  in  the  chronic  group  was  significantly 
decreased  when  compared  to  the  acute  group  (P<  0.05). 

TNBS  induces  obvious  inflammation  documented  by 
characteristic  histological  changes  that  occur  over  the  time  course  of 
the  inflammation.  Table  VI  summarizes  these  changes  observed 
over  time  in  our  rat  model  of  colitis. 
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TABLE  V 


PHYSICAL  CHARACTERISTICS  OF  MUSCLE  TISSUE 


SURFACE  AREA  PARAMETERS 


L0  (cm) 

Wet  Weight  (mg) 

Saline 

1.28(±0.05)8 

2.6(±0.2)8 

Acute 

1.19(±0. 06)10 

2.5(±0.2)10 

Chronic 

1.19(±0.05)7 

#*9.8(±2.4)7 

TENSION  MEASUREMENTS 


Passive  Tension1 

Active  Tension2 

Total  Tension3 

Saline 

9709(+ 1 830)9 

8379(±702)9 

18087(±1801)9 

Acute 

7620(±1 281)12 

1 2701 (+2258) 1 2 

203 1 6(+2579) 1 2 

Chronic 

*3398(±1 573  )8 

6379(+2258)8 

#9680(+3285)8 

1.  Tension  within  the  muscle  at  L0  before  the  contraction. 

2.  Tension  developed  in  reponse  to  stimulation  by  ACH  (10'4  M). 

3.  The  total  of  passive  and  active  tension  developed  to  ACH  (10-4  M)  challenge. 

*  Indicates  results  differ  significantly  from  Control  group  (P  <  0.05). 

#  Indicates  results  differ  significantly  from  Acute  group  (P  <  0.05). 
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TABLE  VI 


SUMMARY  OFTNBS  INFLAMMATORY  COLITIS  RAT  MODEL 


SALINE 

ACUTE 

CHRONIC 

TREATMENT: 

1  mL  0.85%  NaCl 
rectally 

1  mL-25  mg  TNBS  in  50% 
EtOH  rectally 

1  mL-25  mg  TNBS  in 
50%  EtOH  rectally 

TIME: 

4  hours 

4  hours 

7  days 

HISTOLOGY: 

Normal  epithelial 
architecture 

Epithelial  cell 
detachment 

Occasional  intact  cells, 
with  more  frequent 
areas  of  detachment 

Negligible  leukocyte 
infiltration 

Neutrophil  infiltration  (1. 
propria  and  s.  mucosa) 

L.  propria,  s.  mucosa 
and  mucosal 
lymphocytic  infiltration 

Vasocongestion  or 
edema  negligible 

Prominent 

vasocongestion 

Mild  vasocongestion 

Normal  muscle 
architecture 

Normal  muscle 
architecture 

Thickening  of 
muscularis  externa 
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Muscle  Contraction 

INVESTIGATIONS  OF  SALINE,  ACUTE,  AND  CHRONIC  RESPONSES 
Stage  dependent  changes 

TNBS  inflammation  induced  progressive  changes  in  the  circular 
smooth  muscle  response  to  all  the  neurotransmitters  tested,  as  well 
as  to  depolarizing  stimulus  with  K.  Figure  4  a-d  compares  the 
response  curves  of  NKA.  SP,  ACH  and  K  from  saline,  acute  and  chronic 
tissues.  Table  VII  compares  maximal  tension  generated  (Tmax)  and 
effective  concentrations  at  which  50%  of  the  maximal  responses  were 
attained  (EC50  values)  from  the  same  experiments.  Acutely  inflamed 
tissue  responses  were  significantly  different  from  both  saline  and 
chronics.  SP  and  ACH  response  curves  were  significantly  increased 
during  acute  inflammation  (P<0.05)(Figure  4  a-b).  In  contrast,  the 
response  curve  to  NKA  in  acute  inflammation  was  significantly 
decreased  compared  to  saline  tissue  (P<0.02)(Figure  4  c).  All  of  these 
changes  during  acute  inflammation  took  place  without  sensitivity 
changes,  as  the  EC50S  were  comparable  to  saline  values  (Table  VII). 
While  response  curves  to  K  challenge  were  significantly  increased 
during  acute  inflammation  (P<0.02),  Tmax  values  were  not 
statistically  different  from  saline  (Figure  4  d.  Table  VII  respectively). 
However,  EC50  of  acute  tissue  K  challenges  were  significantly  lower, 
indicating  acute  tissue  was  more  sensitive  to  K  depolarization. 

Chronic  inflammation  induced  drastic  reductions  in  the 
response  curves  compared  to  the  saline  treatment  (all  P<0.02,  Figure 
4  a-d).  EC50S  and  Tmax  from  chronic  tissues  were  not  calculated 
and  included  in  Table  VII  for  receptor  mediated  agonists,  because 
the  responses  did  not  reach  a  maximum  (Tmax)-  NKA,  SP  and  ACH 
appeared  to  show  an  increase  in  the  EC50S,  indicating  a  decreased 
sensitivity  to  these  transmitters  during  chronic  inflammation. 

Chronic  tissue  challenged  with  K  depolarizations  showed  a 
significantly  decreased  Tmax  value  compared  to  saline  tissue,  but 
similar  EC50S,  suggesting  that  the  sensitivity  of 


Figure  4.  Concentration  response  curves  showing  stage-dependent  smooth  muscle  contractions  to  SP, 
NKA,  ACH,  and  K  in  untreated  baths.  Results  are  mean  +  SE.  (ACH  saline  n=9.  ACH  acute  n=10)  *  P  vs. 
saline.  •  Saline  ■  Acute  ▲  Chronic 


in 


TENSION  (mN/crr>2)  TENSION  (mN/cm2) 


STAGE  DEPENDENT-CHANGES  IN  CONTRACTILE  RESPONSE 

a.  SP  b.  ACH 


c.  NKA  d.  K 


Table  VII 


Maximum  Tensions  and  EC50  Values 

for 

Saline,  Acute  AND  Chronic  Groups 


SALINE 

ACUTE 

CHRONIC 

Tmax 

EC50 

Tmax 

EC50 

Tmax  * ** 

EC50 

NKA 

20860 

+  2270(5) 

44.1  nM 

13111 

±  1449(7) 

43.5  nM 

7927 

±  4098(7) 

***** 

NKA  +  A 

13086 

±  2689(5) 

60.1  nM 

21412 

±  3246(8) 

29.1  nM 

3739 

±  1781(6) 

He**** 

SP 

9696 

±  452(6) 

45.9  nM 

23743 

±  4518(8) 

32.3  nM 

2659 

±  1271(6) 

***** 

SP  +  A 

1  8530 

±  2394(6) 

27.6  nM 

22206 

±  4961(6) 

9.2  nM 

4608 

±  1933(6) 

***** 

ACH 

10243 

±  1304(9) 

4.9  pM 

16976 

±  3031(10) 

3.5  pM 

275  1 

±  906(6) 

***** 

ACH  +  HEX 

25089 

+  2635(6) 

9.5  |iM 

21413 

±  4122(6) 

5.1  pM 

1  167 

±  134(5) 

***** 

Potassium 

14956 

+  2541(6) 

45  mM 

20625 

+  2732(5) 

21  mM 

5247 

±  437(5) 

45  mM 

*  Tmax  are  actual  results,  not  calculated  values. 

**  Refer  to  results  for  significant  comparisons. 


chronically  inflamed  tissue  to  K  depolarization  remained  unchanged, 
while  the  ability  to  mount  a  full  response  was  impaired.  Typical 
responses  to  60  mM  KC1  (as  recorded  from  Grass  recorder)  are  shown 
for  each  treatment  group  in  Figure  5. 

Cholinergic  Influence  _o_f_TK  Response 

The  data  indicate  that  responses  to  ACH  were  altered  during 
inflammation.  Since  ACH  can  influence  TK  responses,  tissues  from 
the  three  groups  (saline,  acute  and  chronic)  were  challenged  with  TKs 
in  the  presence  of  atropine,  which  effectively  blocks  muscarinic 
mediated  ACH  responses.  Figure  6  a-d  shows  the  response  curves  to 
NKA  and  SP  in  the  presence  and  absence  of  atropine  in  both  saline 
and  acutely  inflamed  tissue.  In  saline  treated  tissue,  SP  response 
was  increased  significantly  in  the  presence  of  atropine,  suggesting 
that  SP  action  was  normally  inhibited  by  muscarinic  mechanisms  in 
control  tissue  (P<0.01,  Figure  6  a).  This  cholinergic  inhibition  of  SP 
was  lost  in  acute  inflammation,  as  atropine  did  not  alter  the  response 
(Figure  6  b). 

A  different  pattern  was  seen  for  smooth  muscle  response  to 
NKA.  In  saline-treated  tissue,  the  response  to  NKA  was  reduced  by 
atropine.  (P<0.02,  Figure  6  c).  Acute  inflammation  changed  this 
pattern  of  cholinergic  synergism  to  one  of  inhibition,  as  atropine 
increased  the  acutely  inflamed  muscle  response  to  NKA  (P<0.04, 

Figure  6  d).  Atropine  did  not  alter  the  sensitivity  of  the  muscle  to 
NKA  or  SP  in  either  saline  or  acute  tissue,  as  less  than  log-fold 
changes  in  EC50S  were  observed  (refer  to  respective  EC50  values. 
Table  VII). 

During  the  process  of  chronic  inflammation,  the  muscarinic 
influence  of  TK  responses  was  apparently  lost.  No  significant 
differences  in  Tmax  or  response  curves  were  observed  for  either  SP 
or  NKA  responses  in  the  presence  or  absence  of  atropine  (Table  VII, 
Figure  7  a-b,  respectively). 

Comparing  all  three  treatment  group  response  curves  to  both 
SP  or  NKA  in  the  presence  of  atropine,  only  the  chronic  treatment 
was  significantly  different  from  saline  (PcO.OOl,  P<0.002, 
respectively.  Figure  8  a-b).  Therefore,  while  the  acute  response 
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changes  were  dependent  on  muscarinic  mechanisms,  the  alterations 
in  the  contractile  responses  during  chronic  inflammation  occurred 
independent  of  muscarinic  influence. 
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Figure  5.  Grass  recorder  tracings  showing  typical  responses  from 
saline,  acute  and  chronic  muscle  to  a  60  mM  KC1  depolarization.  Y 
axis  is  grams  of  tension  (scale  given)  and  x  axis  is  time  (for  all 
tracings  =  25  mm/minute). 
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REPRESENTATIVE  GRASS  RECORDINGS  FROM 
TISSUE  CHALLENGED  WITH  60  mM  KCL 


60  mM  KCL 


Figure  6.  TK  concentration  response  curves  in  the  presence  of  a  tropin 
treated  and  acutely  inflamed  distal  colon.  Results  are  mean  +  SE.  *  P 
•  Saline  in  untreated  bath  o  Saline  in  atropine  ■  Acute  in  untreated  bath 


using  muscle  from  saline 
vs.  untreated  bath  responses. 
D  Acute  in  atropine  bath 
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SALINE  AND  ACUTE  ATROPINE  DEPENDENT  TK  RESPONSES 


Figure  7.  TK  concentration  response  curves  in  the  presence  of  atropine  using  muscle  from  chronically 
inflamed  distal  colon.  Results  are  mean  ±  SE.  ▲  Chronic  in  untreated  bath  A  Chronic  in  atropine  bath. 
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CHRONIC  ATROPINE-DEPENDENT  TK  RESPONSES 


Figure  8.  Stage-dependent  changes  in  SP  and  NKA  concentration  response  curves  in  the  presence  of 
atropine.  Results  are  mean  +  SE.  *  P  vs.  saline  treated  animals. 

O  Saline  in  atropine  □  Acute  in  atropine  a  Chronic  in  atropine. 


vO 


't 


STAGE-DEPENDENT  CHANGES  OF  TK  RESPONSES  IN  ATROPINE 


a.  SP  b.  NKA 
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Changes  in  Cholinergic  Mechanisms 

Blocking  ACH  action  significantly  modified  the  response  to  the 
TKs  during  inflammation.  To  further  define  the  mechanism,  response 
curves  to  ACH  were  compared  in  the  presence  and  absence  of 
atropine  alone  or  with  hexamethonium  (HEX).  HEX  provides  a 
nondepolarizing  ganglionic  block  by  physically  blocking  nicotinic 
regulated  ion  channels  [47].  Therefore,  in  the  presence  of  HEX,  ACH 
could  act  only  through  muscarinic  receptors.  The  results  are 
presented  in  Figure  9  a-c.  Saline  tissue  response  to  ACH  in  HEX  is 
significantly  increased  over  the  response  without  HEX  (P<0.002, 

Figure  9  a).  This  indicates  that  normally,  there  is  a  large  amount  of 
nicotine  mediated  inhibition.  In  acute  tissue,  the  presence  of  HEX  did 
not  significantly  increase  the  response  to  ACH,  indicating  a  loss  of 
this  normal  nicotinic  inhibition  in  acute  inflammation.  Chronic  tissue 
had  depressed  responses  to  ACH  that  were  further  decreased  by  the 
addition  of  HEX  to  the  bath  (P=0.054.  Figure  9  c).  Comparison  of 
saline  and  acute  tissue  in  the  presence  of  HEX  showed  no  significant 
difference  between  response  curves  (Figure  9  a-b).  In  contrast, 
chronic  tissue  in  HEX  generated  significantly  reduced  response 
curves  compared  to  saline  (Figure  9  a  and  8  c,  PcO.OOl).  These  data 
suggest  the  muscarinic  receptors  were  unchanged  during  acute 
inflammation,  but  they  may  be  impaired  by  a  reduction  in  number 
or  affinity  during  chronic  inflammation.  In  addition,  EC50  of  ACH 
response  in  HEX  was  similar  to  untreated  baths,  indicating  that  HEX 
does  not  alter  the  sensitivity  of  ACH  in  either  acute  or  saline  tissue. 
Sensitivity  changes  in  chronic  tissue  could  not  be  assessed. 

The  presence  of  atropine  blocks  muscarinic  receptors,  leaving 
only  nicotinic  receptors  responsive  to  ACH.  Atropine  drastically 
reduced  the  ACH  response  in  both  saline  and  acute  tissue,  and 
virtually  eliminated  the  already  reduced  response  of  chronic  tissue 
(Figure  9  a-c).  Therefore,  the  major  contractile  force  via  ACH  action 
on  smooth  muscle  was  through  muscarinic  mechanisms,  with  a  much 
smaller  contribution  from  nicotinic  receptors.  Although  not  shown, 
response  curves  to  ACH  in  baths  with  both  atropine  and  HEX  did  not 
differ  from  response  curves  in  atropine  alone  for  any  treatment 


Figure  9.  Stage-dependent  changes  in  ACH  concentration  response  curves  in  the  presence  and  absence 
of  atropine  and/or  hexamethonium.  Results  are  mean  +  SE.  (ACH  saline  untreated  n=9,  ACH  acute 
untreated  n=10),  *  P  vs.  untreated  bath. 

•  Saline  in  untreated  bath  ©  Saline  in  hexamethonium  o  Saline  in  atropine. 

■  Acute  in  untreated  bath  B  Acute  in  hexamethonium  □  Acute  in  atropine. 

▲  Chronic  in  untreated  bath  A  Chronic  in  hexamethonium 
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group  (saline,  acute  or  chronic).  These  results  indicate  that  the  major 
location  of  muscarinic  receptors  mediating  the  contractile  response 
are  located  on  muscle,  a  point  beyond  the  nicotinic  receptors  on  the 
enteric  ganglia. 

To  summarize,  acute  inflammation  caused  increased  responses 
to  SP  and  ACH,  while  response  to  NKA  was  decreased.  Sensitivity  to 
K  depolarization  was  increased,  but  the  maximal  tension  finally 
generated  was  comparable  to  saline  treated  rats.  Muscarinic 
inhibition  of  the  response  to  SP  was  lossed,  while  muscarinic 
regulation  of  the  response  to  NKA  changed  from  synergism  to 
inhibition.  Chronic  inflammation  caused  reduced  responses  to  all 
neurotransmitters,  as  well  as  to  K,  indicating  a  general  loss  of 
contractile  mechanisms.  Sensitivities  of  all  neurotransmitters 
appeared  to  be  decreased  in  chronics,  but  K  sensitivity  remained 
similar  to  saline  treated  animals.  Therefore,  while  there  was  a 
decreased  ability  to  attain  maximal  contraction  in  response  to  K  and 
the  neurotransmitters,  the  amount  of  transmitter  necessary  to 
initiate  the  process  was  increased,  but  the  amount  of  K  needed  for 
initiation  remained  unchanged.  In  addition,  chronic  tissue  showed  a 
total  loss  of  muscarinic  influence  over  both  NKA  and  SP  response. 
Therefore,  it  is  likely  that  in  addition  to  loss  of  contractile 
mechanisms,  chronic  inflammation  decreased  receptor  activity  of 
both  TKs  and  ACH. 
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INVESTIGATIONS  OF  ACUTE  RESPONSE  CHANGES 
Location  of  Cholinergic  Changes  of  Endogenous  TKs 

The  more  intriguing  changes  of  cholinergic  influence  during 
acute  inflammation  were  examined  further  for  the  location  of  action 
by  challenging  with  the  TKs  under  conditions  of  tetrodotoxin  (TTX). 
TTX  effectively  blocks  sodium-dependent  neural  excitation.  It 
should  be  noted  that  TTX  does  not  block  a  small  amount  of  neural 
conduction  that  is  carried  by  Ca+2  current,  such  as  in  AH  type  2 
neurons,  and  does  little  to  prevent  the  tonic  release  of  transmitter 
from  the  bouton  at  the  level  of  muscle. 

SP 

Figure  10  a-c  shows  SP  response  curves  in  saline  and  acute 
tissue  in  the  presence  or  absence  of  either  atropine  or  TTX.  As 
described  previously,  atropine  increased  saline  SP  response,  but  did 
little  to  further  increase  the  acute  SP  response  (refer  to  Figure  6  a 
and  b).  In  the  saline  group  the  SP  response  in  TTX  was  increased 
over  both  atropine  and  untreated  tissue  (Figure  10  a,  P<0.001).  The 
Tmax  response  in  TTX  was  increased  as  well,  but  EC50  values  stayed 
the  same,  indicating  no  change  in  sensitivity  to  SP  with  the  addition 
of  TTX.  Response  of  saline  tissue  in  the  presence  of  TTX  and  atropine 
was  similar  to  TTX  alone.  During  acute  inflammation,  TTX  did  little  to 
change  the  SP  response  compared  to  untreated  acute  tissue,  as  both 
the  response  curves,  Tmax  and  EC50  values  remained  unchanged 
from  untreated  acute  tissue  (Figure  10  b.  Tables  VII  and  VIII).  It  is 
of  interest  to  note  SP  response  curve  comparisons  between  saline 
and  acute  tissue  in  the  presence  of  TTX.  The  SP  response  was 
significantly  decreased  during  acute  inflammation,  indicating  SP 
response,  exclusive  of  major  neural  control,  was  decreased  in  acute 
inflammation  (P<0.003,  Figure  10  c).  The  Tmax  was  also  significantly 
decreased  (PcO.OOl),  while  the  EC50  remained  similar  (Table  VIII). 
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NKA 

Saline  NKA  response  was  previously  shown  to  decrease  with 
atropine,  while  acute  NKA  response  increased  in  atropine  (Refer  to 
Figure  6  c  and  6  d).  Figure  1 1  a-c  shows  NKA  response  curve  in 
saline  and  acute  tissue  in  the  presence  or  absence  of  either  atropine 
or  TTX.  Saline  NKA  response  curve  in  TTX  showed  a  significant 
increase  over  untreated  saline  tissue  (P<0.03,  Figure  1 1  a).  The 
presence  of  TTX  increased  the  saline  tissue  sensitivity  to  NKA  five 
fold,  indicating  that  neural  input  normally  lessens  the  sensitivity  of 
muscle  to  NKA  (Table  VII  and  Table  VIII).  Even  in  light  of  these 
changes,  the  NKA  Tmax  value  of  saline  tissue  in  TTX  was  not 
significantly  different  from  that  of  untreated  saline  tissue  (Table  VII 
and  Table  VIII). 


Figure  10.  SP  concentration  response  curves  in  saline  and  acute  tissue  in  the  presence  and  absence  of 
atropine  or  TTX.  Results  are  mean  +  SE.  (SP  saline  TTX,  n=  3),  *  P  vs.  to  Saline  untreated  bath,  #  P  vs. 
Saline  +  TTX. 


©  Saline  in  TTX  o  Saline  in  atropine 
SI  Acute  in  TTX  □  Acute  in  atropine 


•  Saline  in  untreated  bath 
■  Acute  in  untreated  bath 
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Table  VIII 

Maximum  Tensions  and  EC50  Values 

for 

Saline  and  Acute  Groups 


SALINE 

ACUTE 

•  max 

EC50 

Tmax 

EC50 

NKA+TTX 

25906  ±  6504(6) 

8.2  nM 

17503  ±  3044(6) 

18.7  nM 

NKA+TTX/A 

25160  +1893(7) 

11.5  nM 

19747  +  3272(6) 

21.4  nM 

p-ALA 

26434  ±  1055(7) 

55.4  n  nM 

18112  +  697(6) 

122.3  nM 

P-ALA+A 

29624  ±  569(7) 

116.9  nM 

18784  +  51(6) 

90.7  nM 

p-ALA+TTX 

20402  ±  99(3) 

28.4  nM 

12819  +  460(3) 

126.1  nM 

P  ALA+TTX/A 

18039  ±  85(3) 

20.6  nM 

12256  +  555(3) 

98.8  nM 

SP  +TTX 

37078  +  1014(3) 

49.4  nM 

18330  ±  1946(5) 

111.3  nM 

SP+TTX/A 

34347  ±  3498(5) 

21.6  nM 

19703  +  1440(6) 

36.7  nM 

SAR  P 

25393  +  1477(5) 

40.0  nM 

17772  ±  532(5) 

27.9  nM 

SAR  P+A 

22126  ±  759(5) 

12.4  nM 

21493  +  711(5) 

33.8  nM 

SAR  P+TTX 

18068  +  290(7) 

20.0  nM 

12311  +  60(7) 

25.3  nM 

SAR  P+TTX/A 

21843  ±  250(6) 

8.8  nM 

15199  +  69(7) 

24.3  nM 

SENK 

3395  ±  8(6) 

58.8  nM 

642  ±  397(5) 

**** 

SENK+A 

2497  ±  49(5) 

39.4  nM 

366  ±  249(5) 

**** 

SENKTTX 

7363  ±  559(7) 

814.7  nM 

895  ±  405(5) 

**** 

SENK+TTX/A 

4622  ±  31(6) 

816.4  nM 

537  +  537(5) 

**** 

♦Refer  to  results  for  significant  comparisons. 


Figure  11.  NKA  concentration  response  curves  in  saline  and  acute  tissue  in  the  presence  and  absence  of 
atropine  or  TTX.  Results  are  mean  +  SE.  *  P  vs.  Saline  untreated  bath,  #  P  vs.  Saline  in  TTX. 

•  Saline  in  untreated  bath  ©  Saline  in  TTX  o  Saline  in  atropine 


■  Acute  in  untreated  bath 


IS  Acute  in  TTX  □  Acute  in  atropine. 


t" 

l/"> 


5  8 


TTX-SENSITIVE  NEURAL  REGULATION  OF  NKA  RESPONSE 
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In  acute  tissue,  the  presence  of  TTX  did  not  significantly  change 
the  NKA  response  curve  from  untreated  acute  tissue  (Figure  1 1  b. 
P=0.082).  Furthermore,  the  presence  of  TTX  during  acute  tissue 
challenge  elicited  no  significant  changes  in  Tmax  or  EC50  values. 
(Tables  VII  and  VIII).  Again  the  interesting  comparison  between 
saline  and  acute  tissue  response  to  NKA  in  the  presence  of  TTX  shows 
similarity  to  that  of  SP.  The  NKA  acute  response  curve  in  the 
presence  of  TTX  was  significantly  decreased  compared  to  the  saline 
response  under  the  same  bath  treatment  (P<0.02,  Figure  1 1  c).  This 
occurred  without  statistically  different  Tmax  values  and  less  than 
log-fold  differences  in  EC50S  values  (Table  VIII). 

Receptor  Specific  TK  Agonists 

Acute  inflammation  caused  muscarinic  dependent  changes  in 
the  endogeneous  TKs,  NKA  and  SP.  SP  and  NKA  work  primarily 
through  NKi  and  NK2  receptors  respectively,  but  both  exhibit  some 
crossreactivity  for  the  NK3  receptor.  NK3  affinity  is  highest  for 
Neurokinin  B  (NKB),  which  is  present  in  the  brain,  but  not  in  the  gut. 
Therefore,  SP  and  NKA  may  act  at  any  of  the  three  receptors. 
Alteration  of  receptor  activity  may  explain  TK  responses  seen  during 
acute  inflammation.  To  investigate  changes  in  receptor  activity, 
saline  and  acutely  inflamed  colonic  muscle  were  studied  using 
specific  agonists  for  NKi,  Sar  substance  P;  NK2,  (3-alanine;  and  NK3, 
senktide,  in  the  presence  and  absence  of  atropine,  TTX,  or  atropine 
combined  with  TTX. 
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NKi 


To  investigate  the  differences  between  the  endogenous  SP 
response  and  the  receptor  specific  agonist  for  NKj,  comparisons  were 
made  under  different  bath  conditions.  Saline  tissue  comparisons  of 
SP  and  Sar  P  responses  are  illustrated  in  Figure  12  a  and  b  and  in 
Tables  VII  and  VIII.  Both  Sar  P  response  curves  and  Tmax  were 
significantly  higher  than  SP  responses  in  untreated  baths  (P<0.0001, 
Figure  12  a  and  12  b,  Table  VII  and  VIII).  The  two  NK]  agonists 
gave  similar  responses  in  atropine  treated  baths  (Figure  12  a  and  12 
b,  Tables  VII  and  VIII).  In  contrast,  SP  response  curves,  as  well  as 
Tmax  values  were  significantly  greater  than  Sar  P  in  the  presence  of 
TTX  (P<0.002,  Figure  12  a  and  12  b,  Table  VIII).  This  suggests  there 
was  a  greater  neural  inhibition  of  SP  response  than  of  Sar  P  response 
in  saline  treated  tissue.  All  of  these  changes  are  independent  of 
sensitivity  differences,  as  the  EC50  values  were  similar  (Tables  VII 
and  VIII).  In  addition  to  the  already  described  atropine  inhibition,  it 
is  apparent  that  SP  activity  in  saline  tissues  contained  another 
inhibitory  neural  component.  SP  saline  response  in  the  presence  of 
TTX  was  not  only  significantly  increased  over  the  SP  untreated  bath 
response,  but  it  was  also  significantly  higher  than  the  response  to  SP 
in  atropine  (PcO.OOl,  P,0.005  respectively.  Figure  12  a).  Unlike  SP, 

Sar  P  exhibited  neither  atropine  or  TTX  sensitivity  in  saline  tissue,  as 
the  response  curves  and  Tmax  values  under  these  conditions  were 
similar  to  untreated  bath  responses  (Figure  12  b.  Table  VIII). 

Acute  tissue  SP  and  Sar  P  responses  in  untreated  baths  are 
compared  in  Figures  12  c  and  in  Tables  VII  and  VIII.  In  acute 
tissue,  SP  response  was  now  comparable  to  that  of  Sar  P  (Figure  12 
c).  Additionally,  acute  Sar  P  response  curves  were  not  significantly 
different  from  saline  Sar  P  responses  (Figure  12  c).  Although  not 
shown  graphically,  the  Sar  P  response  in  acute  tissue  was  unchanged 
by  the  presence  of  TTX,  atropine  or  the  combination  of  the  two  (refer 
to  acute  EC50  and  Tmax  values  in  Table  VIII).  Therefore,  unlike  SP, 
Sar  P  response  was  unchanged  by  acute  inflammation  and  exhibited 
no  atropine  or  TTX  sensitivity  in  either  saline  or  acute  tissue. 


To  observe  the  changes  in  receptor  activity  at  the  level  of  the 
muscle,  saline  and  inflamed  tissue  were  challenged  with  the  two  NKj 
agonists  in  the  presence  of  TTX  (Figure  12  d).  In  the  presence  of 
TTX,  Sar  P  showed  significantly  decreased  acute  responses  compared 
to  saline  tissue  in  similar  bath  conditions  (P<0.042,  Figure  12  d). 
Similarly,  SP  under  TTX  bath  conditions  showed  significantly 
decreased  acute  responses  compared  to  saline  tissue  (P<0.003,  Figure 
12  d).  Therefore,  in  the  absence  of  neural  influence,  both  NKi 
agonists  had  a  similarly  decreased  response  at  the  level  of  the 
muscle  during  acute  inflammation. 

NK2 


Saline  tissue  comparisons  of  NKA  and  p  ALA  responses  are 
illustrated  in  Figure  13  a  and  13  b  and  in  Tables  VII  and  VIII.  Both 
NKA  and  P  ALA  response  curves,  EC50S  and  Tmax  values  were 
similar  in  untreated  baths  (Figure  13  a  and  13  b,  Table  VII  and 
VIII).  Saline  NKA  response  significantly  decreased  with  atropine 
conditions  and  increased  with  TTX  (P<0.02,  P<0.03  respectively, 

Figure  13  a).  Saline  NKA  response,  compared  to  that  of  saline  P  ALA, 
was  lower  in  the  presence  of  atropine,  and  significantly  higher  in  the 
presence  of  TTX  (P=0.094,  P<0.045,  respectively).  Additionally,  in 
the  presence  of  TTX,  the  saline  NKA  response  was  5  times  more 
sensitive  than  in  untreated  baths  (Table  VIII).  In  contrast,  saline  P 
ALA  response  remained  unchanged  by  either  atropine  or  TTX,  and  no 
sensitivity  changes  were  apparent.  This  indicated  that  in  saline 
tissue,  NKA  response  had  both  positive  and  negative  modulating 
components  that  were  not  shared  by  P  ALA.  Saline  P  ALA  response 
was  neither  atropine  nor  TTX  sensitive. 

Acute  NKA  and  p  ALA  responses  in  untreated  baths  are 
compared  in  Figure  13  c  and  Tables  VII  and  VIII.  In  acute  tissue, 
NKA  and  P  ALA  response  curves  were  similar,  although  p  ALA  had  a 
significantly  higher  Tmax  (P<0.02,  Figure  13  c).  Additionally,  both 
acute  P  ALA  and  NKA  response  curves  were  significantly  decreased 
from  their  respective  saline  values  (P<0.04,  P<0.01, 
respectively)(Figure  13c).  Although  not  shown  graphically,  the 


Figure  12.  NKi  agonist  (Sar  P/SP)  concentration  response  curves  from  saline  and  acute  tissue  in  the 
presence  and  absence  of  atropine  or  TTX.  Results  are  mean  ±  SE.  *  P  vs.  SP  Saline  untreated  bath,  #P 
vs.  Saline  +  TTX. 
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p  ALA  response  in  acute  tissue  was  unchanged  by  the  presence  of 
TTX,  atropine  or  the  combination  of  the  two  (refer  to  acute  EC50  and 
Tmax  values  in  Table  VIII).  Therefore,  like  NKA,  p  ALA  response 
was  similarly  decreased  by  acute  inflammation,  but  unlike  NKA,  P 
ALA  exhibited  no  atropine  or  TTX  sensitivity  in  either  saline  or  acute 
tissue. 

To  observe  the  changes  in  receptor  activity  at  the  level  of  the 
muscle,  saline  and  inflamed  tissue  were  challenged  with  the  NK2 
agonists  in  the  presence  of  TTX  (Figure  13  d).  In  the  presence  of 
TTX,  both  P  ALA  and  NKA  had  significantly  decreased  acute 
responses  compared  to  saline  tissue  in  similar  bath  conditions 
(P<0.004,  P<0.02,  respectively)(Figure  13  d).  Decreased  acute  P  ALA 
response  may  be  due  to  decreased  sensitivity,  as  it  was  five  times 
less  sensitive  than  the  saline  tissue  (Table  VIII).  Therefore,  while 
NKA  exhibited  neural  influence  not  shared  by  P  ALA,  in  the  absence 
of  neural  influence,  both  NK2  agonists  had  similarly  decreased 
responses  at  the  level  of  the  muscle  during  acute  inflammation. 

NK3 

Acute  changes  in  NK3  receptor  activity  are  reflected  by 
challenges  to  senktide  and  are  illustrated  in  Figure  14  a  and  c. 
Senktide  responses  were  nearly  a  log  fold  lower  than  any  other 
agonist,  suggesting  a  low  level  of  NK3  receptors  were  present  in  the 
distal  colon  (Figure  14  a  and  14  c).  Senktide  response  curves  and 
Tmax  values  were  significantly  decreased  during  acute  inflammation 
(PcO.OOOl,  Figure  14  a  and  14  c).  Atropine,  TTX,  or  the  combination 
did  not  change  senktide  responses  in  either  saline  or  acute  animals 
(refer  to  Table  VIII).  Thus,  senktide  exhibited  no  atropine  or  TTX 
sensitive  neural  component,  and  acute  inflammation  caused  the  NK3 
response  at  the  level  of  the  muscle  to  decrease. 

Changes  in  Relative  Responses. 

Relative  contractile  strengths  of  endogenous  TKs  and  receptor 
specific  agonists  were  compared  in  saline  or  acutely  inflamed  tissue 
(Figure  14  a-d).  Saline  response  to  NKA  was  significantly  greater 


Figure  13.  NK2  agonist  ((3-Ala/NKA)  concentration  response  curves  from  saline  and  acute  tissue  in  the 
presence  and  absence  of  atropine  or  TTX.  Results  are  mean  +  SB.  (  (3-Ala  saline  and  acute  +  TTX  n=3) 

P  vs.  Saline  untreated  bath,  #  P  vs.  Saline  +  TTX. 
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than  that  of  saline  SP  response  (P<0.002,  Figure  14  b).  In  acute 
inflammation,  the  pattern  was  reversed:  SP  response  was  now 
significantly  greater  than  NKA  response  (P<0.03,  Figure  14  d).  In 
contrast,  (5  ALA  and  Sar  P  produced  similar  contractile  responses 
whether  the  comparison  was  in  acute  or  saline  animals  (Figure  14  a 
and  14  c.  Table  VIII).  These  results  showed  that  the  inflammation 
induced  changes  in  the  response  to  endogenous  TKs  were  not 
mimicked  by  their  selective  receptor  agonist. 


Figure  14.  Concentration  response  curves  from  saline  and  acutely  inflamed  tissues  showing  relative 
contractile  strengths  of  receptor  specific  agonists  (RSAs)  and  tachykinins  (TKs).  Results  are  mean  +  SE. 
*  P  vs.  other  RSAs,  #  P  vs.  other  TK. 
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Summary  of  Muscle  Contraction  Results 

The  results  from  our  acute  animal  experiments  indicate  that 
compared  with  saline  controls,  there  was  an  increased  contractile 
response  to  SP  and  ACH,  with  decreased  responses  to  NKA. 

Sensitivity  to  K  was  increased,  while  the  maximal  contractile 
response  was  unchanged.  The  action  of  SP  and  NKA  via  atropine- 
sensitive  neurons  was  altered  during  acute  inflammation.  Nicotinic 
inhibition  of  the  contractile  response  to  ACH  was  decreased  during 
acute  inflammation  compared  to  controls.  Receptor-selective  agonist 
experiments  indicate  that  alterations  in  the  action  of  TKs  via  atropine 
sensitive  pathways  did  not  occur  through  changes  in  any  of  the  three 
known  TK  receptors. 

Experiments  with  chronically  inflamed  colon  documented  an 
overall  decrease  in  the  ability  of  the  muscle  to  generate  a 
contraction.  The  sensitivity  of  the  muscle  to  all  neurotransmitters 
appeared  decreased,  while  the  sensitivity  to  K-induced 
depolarization  remained  unchanged.  Additionally,  there  was  a  loss  of 
SP  and  NKA  action  via  atropine  sensitive  neural  pathways  and 
nicotinic  inhibition  of  the  response  to  ACH. 


DISCUSSION 


Our  experiments  document  changes  in  the  contractile  response 
of  colonic  smooth  muscle  to  TKs  and  in  their  cholinergic  modulation, 
occurring  after  both  acute  and  chronic  inflammation.  Significant 
differences  in  TK  activity  were  observed  between  acutely  and 
chronically  inflamed  colon.  The  TKs  and  ACH  are  important 
excitatory  neurotransmitters  participating  in  normal  motility 
patterns.  Both  transmitters  play  integral  roles  in  the  neural  circuitry 
of  the  peristaltic  reflex,  contributing  to  the  ascending  contractile 
component[23].  In  the  colon,  motility  patterns  of  mixing  and  mass 
movement  ultimately  determine  the  difference  between  healthy 
bowel  habits  or  increased  urgency  and  frequency  of  defecation 
associated  with  forms  of  1BD. 

Motility  patterns  are  not  only  affected  by  alterations  in 
neurotransmitter  profile,  but  also  by  smooth  muscle  contractility, 
which  is  a  product  of  neural  input  and  inherent  smooth  muscle 
characteristics.  Our  experiments  document  that  both  muscle  and 
nerve  alterations  contribute  to  inflammation-induced  changes  of  the 
smooth  muscle  contractile  response  to  TK  and  ACH.  It  is  these 
abnormal  contractile  responses  that  underlie  the  motility  changes 
characteristic  of  IBD. 

MUSCLE  CHANGES 

Inherent  smooth  muscle  characteristics  contribute  to  the 
contractile  state  by  factors  illustrated  in  Figure  15.  The  combination 
of  resting  membrane  potential,  BER,  crossbridge  formation  between 
actin  and  myosin  filaments,  voltage  gated  calcium  channels,  receptor 
activity,  second  messenger  pathways  and  resistive  properties  of  the 
surrounding  tissues  define  the  ability  of  the  smooth  muscle  cell  to 
mount  a  contractile  force.  Any  of  these  may  be  targeted  during 
inflammation.  It  is  important  to  note  that  some  alterations  require 
changes  in  protein  synthesis  that  could  not  have  taken  place  within 
the  time  frame  of  our  acute  experiments.  However,  chronic 
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experiments  are  well  within  the  time  interval  required  for 
translational  and  transcriptional  changes  necessary  for  redirected 
protein  synthesis. 

Acute  Changes 

The  ability  of  the  muscle  to  depolarize  with  K  challenge  was 
enhanced  in  acute  inflammation,  indicating  an  increased  excitability 
of  the  tissue.  Although  the  Tmax  was  similar  to  the  non-inflamed 
state,  it  was  achieved  at  a  lower  concentration  of  K  (60  mM  vs  120 
mM,  Figure  4  d)  and  the  depolarization  process  was  initiated  at  a 
lower  K  concentration  (EC50  =  21  mM  vs  45  mM,  Table  VII).  It  is 
therefore,  unlikely  that  muscle  contractile  mechanisms  are  altered 
by  acute  inflammation.  The  physical  properties  of  acutely  inflamed 
tissue  would  support  this  conclusion,  since  wet  weights,  Lo  and 
passive,  active  and  total  tensions  were  similar  in  the  acutely 
inflamed  group  and  the  saline  treated  group  (Table  V).  Additionally, 
the  time  frame  required  for  protein  synthesis  to  redirect  these 
processes  was  not  within  the  time  window  of  the  acute  model. 

Increased  excitability  of  intestinal  smooth  muscle  has  been 
documented  in  several  models  of  acute  ileitis[  1 6,  17,  57]  Excitability 
was  characterized  myoelectrically  by  increases  in  spike  bursts, 
propagating  spike  bursts,  migrating  action  potential  complexes, 
repetitive  bursts  of  action  potentials,  and  the  percent  of  slow  waves 
with  spikes  in  two  different  models  of  ileitis[57] .  In  our  model  of 
colitis,  increased  muscle  excitability  was  documented  by  increased 
sensitivity  to  K  depolarization.  This  may  have  occured  through 
several  mechanisms.  Neurotransmitter  and  inflammatory  mediator 
profiles  are  both  altered  during  the  time  course  of  inflammation. 
Either  may  act  directly  on  the  muscle  to  increase  the  resting 
membrane  potential,  making  the  muscle  more  easily  depolarized. 
Alternatively,  the  resting  membrane  potential  of  the  muscle  may 
have  been  changed  via  action  on  the  interstitial  cells  of  Cajal  (ICC), 
the  pacemaker  cells  responsible  for  the  slow  wave  activity,  also 
known  as  the  BER.  An  increase  in  either  the  frequency,  amplitude  or 


7  5 


duration  of  slow  waves  would  allow  the  muscle  to  depolarize  easier 
to  a  given  stimulus. 

In  the  dog  colon,  SP  and  ACH  transmitters  enhance  smooth 
muscle  contractibility  by  increasing  the  slow  wave  plateau  phase 
duration  and  amplitude[30].  Both  SP  and  ACH  have  been  shown  to 
be  altered  during  inflammation[7,  12].  Electrical  field  stimulation 
(EFS)  studies  of  cat  colon  demonstrate  that  VIP,  an  inhibitory 
neurotransmitter,  decreases  slow  wave  frequency  [6].  VIP  has  been 
shown  to  be  decreased  in  colon  from  both  ulcerative  colitis  and 
Crohn’s  patients[33,  39].  Additionally,  slow  wave  characteristics  may 
have  been  altered  by  loss  of  nicotinic  inhibition  during  acute 
inflammation.  Nicotine  mediated  inhibitory  neural  influence 
decreases  slow  wave  amplitude,  duration  and  rate  of  rise[51].  Thus, 
the  observed  loss  of  nicotinic  inhibition  seen  in  our  acute 
inflammatory  model  may  have  contributed  to  the  excited  state  by 
increasing  slow  wave  frequency.  Therefore,  either  an  increase  in  SP 
and  ACH,  a  decrease  in  VIP,  or  the  loss  of  nicotinic  inhibition  may 
have  influenced  slow  wave  characteristics,  contributing  to  a  more 
excitable  muscle. 

SP  and  ACH  both  tend  to  depolarize,  while  VIP  hyperpolarizes 
the  muscle  resting  membrane  potential.  Therefore,  increases  in  SP 
and  ACH,  or  decreases  in  VIP  may  increase  muscle  resting  membrane 
potential,  making  the  muscle  inherently  more  excitable. 

Alternatively,  an  enhanced  opening  of  voltage  gated  Ca  channels,  or 
uncoupling  of  second  messenger  systems  such  as  guanylate  cyclase 
may  have  impacted  on  the  speed  of  depolarization,  independent  of  a 
given  resting  membrane  potential  (refer  to  Figure  15). 

Inflammatory  mediators,  as  well  as  changes  in 
neurotransmitter  profile  may  have  contributed  to  the  more  excitable 
muscle  state.  Histamines,  prostaglandins,  leukotrienes,  and  NO  are 
examples  of  inflammatory  mediators  released  from  mast  cells  and 
macrophages  that  may  have  influenced  smooth  muscle  contractility. 
LTD4,  the  5  lipoxygenase  product  of  arachadonic  acid  metabolism,  is 
an  inflammatory  mediator  that  contributes  to  the  excitable  muscle 
state  seen  in  inflammation.  Increased  myoelectrical  activity 
characteristic  of  the  inflamed  muscle  state  were  all  reduced  or 


completely  blocked  in  the  presence  of  an  LTD4  antagonist,  indicating 
a  role  for  LTD4  mediated  exictation[57],  Additionally,  EFS  studies 
utilizing  a  LTD4  antagonist,  provide  evidence  that  LTD4  increases 
neurotransmitter  release  during  neural  excitation[20].  Therefore,  it 
is  likely  that  LTD4  acts  similarly  in  colitis,  increasing  muscle 
excitability  through  tonic  release  of  excitatory  neurotransmitters. 

In  spite  of  an  enhanced  sensitivity  of  the  muscle  to  K 
depolarization  during  acute  inflammation,  all  three  TK  receptors; 
NKl,  NK2,  and  NK3  exhibited  decreased  response  at  the  level  of  the 
muscle.  Reduction  in  NKl  activity  (acute  Sar  P  in  TTX)  occurred 
independently  of  sensitivity  changes.  SP  action  on  muscle  is  known 
to  undergo  tachyphylaxis,  a  process  by  which  previous  exposure  to 
the  chemical  desensitizes  tissue,  causing  reduced  responses  on 
subsequent  challenges.  In  inflammation,  NKl  receptors  appear 
uninfluenced  by  the  process  of  tachyphylaxis,  as  the  EC50S  remained 
similar  between  saline  and  acute  groups.  Therefore,  the  reduced  NKl 
activity  at  the  muscle  may  have  resulted  from  either  a  decreased 
efficiency  of  the  receptor  coupling  with  second  messenger  pathways, 
or  attenuation  of  the  second  messenger  signal.  In  contrast,  decreased 
NK2  (acute  (3  ALA  in  TTX)  and  NK3  responses  (acute  Senk  in  TTX) 
indicate  sensitivity  changes  in  the  receptor  (Table  VIII).  These  data 
support  a  decreased  sensitivity  and  response  via  NK2  receptors,  and 
probably  NK3  receptors.  This  may  have  resulted  from  either  a 
reduction  in  the  receptor  number,  by  a  process  of  internalization,  or 
decreased  receptor  affinity  in  acute  inflammation. 

The  major  contractile  effect  of  ACH  was  through  muscarinic 
receptors  on  the  muscle,  as  shown  by  a  dramatic  drop  in  the 
response  of  both  saline  and  acute  tissue  in  the  presence  of  atropine 
(Figure  9  a  and  9  b).  Saline  and  acute  tissue  responses  to  ACH  in  the 
presence  of  HEX,  conditions  which  allow  only  muscarinic-mediated 
responses,  were  similar  (Figure  9  a  and  9  b).  Therefore,  unlike  the 
TK  receptors,  muscarinic  receptors  on  the  muscle  appeared 
unchanged  in  acute  inflammation. 
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Chronic  Changes 

The  physical  appearance  of  the  chronically  inflamed  colon  was 
grossly  different  from  saline  and  acute  treatment  animals.  The  colon 
was  visibly  dilated  and  frequently  accompanied  by  intraperitoneal 
adhesions.  The  muscle  tissue  was  rigid  and  fibrotic  compared  to 
saline  and  acute  tissue.  Histology  measurements  in  Table  IV  and 
physical  characteristics,  outlined  in  Table  V,  show  that  the  chronic 
treatment  resulted  in  thickening  of  the  muscularis  externa,  and 
increased  wet  weight,  which  did  not  occur  during  acute 
inflammation.  Additionally,  passive  as  well  as  active  tensions  at  Lo 
were  reduced. 

In  chronic  colitis,  the  muscle  lost  the  ability  to  generate  a 
maximum  contraction  to  all  stimuli.  However,  the  sensitivity  to  K 
depolarization  was  no  different  from  saline,  suggesting  a  non-specific 
reduction  in  the  contractile  mechanisms,  rather  than  altered 
excitability  or  changes  in  resting  membrane  potential.  Several 
investigators  have  proposed  possible  mechanisms  for  the  decreased 
contractility  shown  previously  in  models  of  chronic  colitis  [25,  58]. 
Xie  et.  al.  observed  that  chronic  inflammation  resulted  in  diminished 
crossbridge  formation  between  actin  and  myosin,  as  well  as  an 
absolute  reduction  in  the  levels  of  these  proteins[62,  63].  The  lower 
passive  and  active  tension  in  chronic  muscle  support  a  similar 
mechanism  in  our  study. 

Another  investigator  postulated  that  decreased  contraction  was 
caused  by  increased  resistance  forces[45].  Growth  factors  present 
during  chronic  inflammation  may  increase  deposition  of  extracellular 
fibrous  matrix  in  the  muscle,  increasing  resistive  forces  that  must  be 
overcome  during  contraction  (Figure  15).  Typical  tracings  from 
muscle  challenged  with  60  mM  KC1  illustrated  a  dramatic  decrease  in 
the  rate  of  rise  to  the  maximal  contraction  in  chronic  inflammation 
(Figure  5).  The  rigid  and  fibrotic  tissue  from  the  chronic  group  took 
a  longer  time  to  reach  peak  contraction.  Thus,  the  physical 
characteristics  and  K  response  suggest  both  decreased  contractile 
elements,  as  well  as  increased  resistance  forces  contributed  to 
depressed  contractile  response  in  our  chronic  group. 
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Smooth  muscle  from  chronically  inflammed  animals  exhibited 
decreased  sensitivity  to  the  receptor  mediated  agonists  and 
decreased  Tmax  response  to  all  agents.  The  overall  decreased 
responsiveness  of  the  chronic  muscle  made  assessment  of  changes  in 
receptor  mediated  events  difficult  to  interpret.  However,  maximal 
responses  as  well  as  sensitivities  (increased  EC50s)  to  NKA,  SP  and 
ACH  challenges  were  reduced,  indicating  that  these  reductions  were 
mediated  through  changes  in  receptors.  Furthermore,  there  was  no 
evidence  of  cholinergic  regulation  of  the  SP  and  NKA  response, 
implying  a  functional  loss  of  muscarinic  receptor-mediated  events. 
Therefore,  in  chronic  tissue,  both  TK  and  muscarinic  receptors  were 
impaired. 

NEURAL  CHANGES 

Changes  in  neural  input  to  smooth  muscle  may  contribute  to 
altered  contractility  and  subsequent  motility  patterns  during 
inflammation.  Figure  16  summarizes  some  of  the  components  within 
the  neural  compartment  that  may  impact  on  the  contractile  state  of 
the  smooth  muscle.  The  ENS  has  sensory,  motor,  and  interneurons 
that  can  undergo  changes  in  transmitter  release,  receptor  density 
and/or  function,  or  transmitter  degradation.  Additionally,  there  can 
be  changes  in  second  messenger  systems  or  resting  membrane 
potentials  of  neurons  induced  by  either  inflammatory  mediators  or 
altered  neurotransmitter  profiles.  Changes  in  the  ENS  were  assessed 
using  a  pharmacological  approach.  Since  neurotransmitters  were 
added  exogenously,  they  may  interact  at  sites  within  the  ENS  as  well 
as  directly  on  the  muscle. 

Acute  Changes 

Acute  inflammation  caused  an  elevation  of  the  response  to 
ACH,  which  acts  at  both  muscarinic  and  nicotinic  receptors  within  the 
ENS.  Nicotinic  receptors  are  located  exclusively  within  the  enteric 
ganglia.  In  saline  treated  animals  blocking  nicotinic  receptors  with 
HEX  allowed  a  dramatic  increase  in  the  response  to  ACH  (Figure  9  a). 
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Therefore,  in  saline  treated  animals,  activation  of  nicotinic  receptors 
mediated  an  inhibition  of  the  ACH  response.  In  acutely  treated 
animals,  blocking  nicotinic  receptors  with  HEX  made  no  difference  in 
the  response  to  ACH  (Figure  9  b).  This  suggests  the  level  of  nicotine 
mediated  inhibition  in  the  acute  tissue  was  significantly  reduced. 
Thus,  the  reduction  in  ACH  response  observed  in  the  acute  animals 
was  due  to  a  loss  of  nicotinic  mediated  inhibition. 

ACH  stimulation  of  nicotinic  receptors  appear  to  release 
inhibitory  neurotransmitters  such  as  NO  and  VIP,  both  of  which 
contribute  to  the  tonic  relaxed  state  of  the  muscle  (Figure  1).  A 
decrease  in  this  neural  pathway  would  have  decreased  the  tonic 
inhibitory  tone  of  the  muscle,  making  the  muscle  more  excitable. 

This  may  be  an  important  factor  contributing  to  the  increased  K 
sensitivity  of  the  acutely  inflamed  muscle. 

ACH  may  also  bind  to  muscarinic  receptors  within  the  ENS. 

Five  distinct  types  of  muscarinic  receptors  have  been  genetically 
cloned  (Ml -5),  but  three  main  subclasses  have  been  characterized 
functionally;  Ml,  M2  and  M3 [47].  Atropine  effectively  blocks  ACH 
activity  at  all  M  receptor  subtypes.  Ml  and  M2  receptors  are  located 
within  the  neural  compartment,  while  M3  is  exclusively  on  the 
muscle[47].  Ml  is  located  on  the  nerve  post  synaptically,  while  M2  is 
located  presynaptically,  and  is  thought  to  inhibit  further  release  of 
ACH  from  the  nerve  terminal[47].  The  greatest  response  to 
muscarinic  activation  was  through  the  M3  receptor  at  the  muscle, 
therefore  changes  in  neural  Ml  and  M2  receptors  could  not  be 
assessed  from  ACH  response  data.  Thus,  while  we  cannot  document 
neural  muscarinic  changes  with  the  ACH  data,  we  can  infer  from 
acute  atropine-dependent  TK  changes  that  muscarinic  receptors 
within  the  neural  compartment  were  altered. 

During  acute  inflammation  there  were  apparent  atropine 
sensitive  neural  changes  in  the  regulation  of  SP  and  NKA  that  were 
not  reflected  by  their  respective  receptor-selective  agonists.  The  fact 
that  NK3  receptors  showed  no  atropine  sensitive  neural  component 
discounts  the  theory  that  SP  or  NKA  may  have  acted  through  this 
alternate  neuronal  receptor.  It  should  be  noted  that  all  three 
receptor-selective  agonists  gave  responses  that  were  consistant  with 
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an  exclusive  action  at  the  muscle.  None  showed  a  strong  neural 
component.  As  mentioned  before,  the  literature  states  that  NK]  and 
NK3  receptors  exist  within  the  neural  compartment,  while  NK2  is 
primarily  at  the  muscle.  These  studies  were  done  using  different 
selective  agonists,  different  regions  of  the  gut,  and  different  animal 
species,  so  it  is  conceivable  from  our  studies  that  the  distal  colon  of 
the  rat  expresses  all  TK  receptor  subtypes  primarily  at  the  muscle. 
However,  given  the  complexity  of  the  ENS  and  the  important  role  of 
the  TKs  in  the  neural  circuitry,  this  is  unlikely. 

We  can  conclude  one  of  two  things  from  our  data.  First,  if  we 
believe  NKj,  NK2  or  NK3  receptors  are  not  expressed  in  nerves,  as 
suggested  from  our  selective  agonist  data,  then  we  have  to  conclude 
that  SP  and  NKA  acted  through  another  yet  undefined  neuronal  NK 
receptor  subtype.  This  is  improbable,  but  not  impossible.  An 
alternate  theory  is  that  the  selective  agonists  we  chose  were  active 
primarily  at  the  muscle  receptors  and  not  as  potent  at  the  neural 
receptors. 

There  is  variability  in  the  NKi  and  NK2  receptors  in  their 
pharmacologic  response  to  commercially  developed  agonists  and 
antagonists.  Agonists  appear  to  be  comparably  active  at  NKj 
receptors,  but  antagonists  have  shown  species  differences  in  their 
binding  affininty  for  the  NKi  receptor[2].  NK2  receptor  subtype 
pharmacology  also  exhibits  species  dependency.  The 
pharmacologically  defined  NK2a  receptor  is  more  prevalent  in 
human  colon,  while  the  NK2b  receptor  subtypes  are  preferentially 
expressed  in  rat  intestine[5,  18].  (3-alanine,  our  selective  NK2  agonist, 
acts  as  a  full  agonist  at  either  receptor  subtype[35,  50].  Therefore, 
while  we  can  say  that  our  pharmacological  agonists  were  appropriate 
for  the  rat  colitis  model,  we  cannot  rule  out  the  potential  for  another 
yet  undefined  pharmacological  subtype  of  TK  receptor  on  the  nerves. 

Studies  using  three  TK  receptor  antagonists  to  block  SP- 
induced  release  of  ACH  showed  minimal  effect  of  SP  block  on  the 
neuronal  receptors  [13].  Furthermore,  NK]  antagonists  were  not 
effective  at  blocking  SP-induced  neuronal  depolarizations  from  either 
rat  or  guinea  pig  myenteric  neurons[15,  61].  These  studies  indicate 
the  NKi  receptors  on  the  nerves  are  different  from  their  target  cell 
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counterpart[14].  Our  data  would  suggest  that  similar  to  NKj 
antagonists,  the  selective  receptor  agonists  chosen  have  minimal 
activity  at  both  NKi  and  NK2,  and  possibly  NK3  neuronal  receptors  in 
our  rat  model  of  colitis.  Therefore,  we  cannot  rule  out  the  possibility 
that  SP  and  NKA  are  working  through  their  respective  neural 
receptors  to  cause  the  atropine  sensitive  changes  evident  during 
acute  inflammation. 

Chronic,  Changes 

Cholinergic  mediated  neural  changes  in  the  chronic  group  are 
more  difficult  to  discern  than  those  related  to  changes  at  the  muscle, 
due  to  the  low  non-specific  contractile  responses.  Neurally-mediated 
alterations  may  occur,  but  their  detection  is  impaired  by  changes  at 
the  muscle.  Evidence  of  nicotinic  inhibition  of  ACH  response  is  totally 
absent  in  chronic  tissue.  In  fact,  response  curves  in  the  presence  of 
HEX  suggest  a  nicotine  mediated  excitation  (P=0.054,  Figure  9  c).  In 
the  saline  group,  the  nicotinic  mediated  response  to  ACH  may  be 
primarily  inhibitory,  with  a  small  excitatory  component.  During  the 
inflammatory  process,  the  nicotinic  receptor-  mediated  inhibition 
declines  until,  only  the  excitatory  component  dominates  in  chronic 
inflammation.  Alternatively,  the  excitatory  nicotinic  component  may 
be  upregulated  in  an  attempt  to  maintain  normal  smooth  muscle 
contractility.  Additionally,  chronic  inflammation  results  in  a  total 
loss  of  the  atropine  sensitive  neural  component  influencing  the  TKs 
(Figure  7  a  and  7  b).  Therefore,  during  the  progression  of  the 
inflammation  into  the  chronic  stage,  nicotinic  receptor-  mediated 
inhibition  and  muscarinic  receptor-mediated  activity  were  lost,  while 
an  excitatory  nicotinic  component  was  revealed. 

MECHANISMS  FOR  THE  OPPOSING  TK  CHANGES  DURING  ACUTE 
INFLAMMATION 

The  two  TKs,  SP  and  NKA,  share  many  similarities.  They  have 
similar  amino  acid  sequences,  act  through  the  same  second 
messenger  system,  exhibit  cross  reactivity  at  each  other's  receptors. 
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and  are  thought  to  coexist  within  the  same  synaptic  vesicles[8,  14, 
23].  It  is  a  paradox  then,  that  they  show  dramatically  different 
changes  in  their  action  during  acute  inflammation.  NKA  response 

was  higher  than  that  of  SP  in  saline  treated  tissue.  SP  action 
increased,  while  that  of  NKA  decreased  during  acute  inflammation, 
leaving  the  muscle  more  responsive  to  SP  than  NKA.  The  atropine 
sensitive  neural  influence  differed  between  the  two  TKs,  both  in 
saline  treated  and  acutely  inflamed  animals,  and  both  changed 
during  inflammation.  NKA  was  positively  influenced  by  muscarinic 
mechanisms,  while  SP  response  was  attenuated  in  saline  animals. 
During  acute  inflammation,  NKA  acquired  a  muscarinic  inhibition, 
while  SP  lost  muscarinic  inhibition.  It  was  the  atropine  sensitive 
neural  changes  of  the  TK  response  that  effected  the  opposing  changes 
of  the  TK  response  during  acute  inflammation. 

NKA  response  changes  during  acute  inflammation  may  reflect 
an  imbalance  between  positive  and  negative  atropine  sensitive 
neural  components.  Figure  17  illustrates  possible  mechanisms  that 
may  have  influenced  the  atropine  sensitive  NKA  response  during 
acute  inflammation.  The  atropine  sensitive  contractile  response  to 
NKA  is  the  net  result  of  neural  signals  linked  through  either 
excitatory  or  inhibitory  neurotransmitters  (Figure  17).  In  normal 
tissue,  the  addition  of  atropine  decreases  the  NKA  response, 
indicating  that  cholinergic  release  of  excitatory  neurotransmitters 
was  the  predominating  input  (refer  to  results;  Figure  6  c).  In  acutely 
inflamed  tissue,  neurotransmitter  release,  degradation,  or 
sensitivities  are  changed  to  make  inhibitory  input  the  predominant 
feature  of  the  atropine  sensitive  NKA  response.  This  effectively 
decreases  the  contractile  response  to  NKA  in  acute  inflammation 
(refer  to  results  Figure  4  c).  The  addition  of  atropine  to  the  acutely 
inflamed  tissue  blocks  this  predominant  inhibition  and  allows  an 
increased  response  to  NKA  (refer  results  Figure  6  d).  Thus,  while  the 
atropine  sensitive  neuronal  component  is  excitatory  in  saline  treated 
rats,  it  is  inhibitory  in  the  acute  treatment  group.  It  appears  that 
the  changes  in  the  atropine  sensitive  NKA  response  is  caused  by  the 
imbalance  between  the  inhibitory  and  excitatory  signals.  Any 
inflammatory  mediated  alterations  that  increase  the  inhibitory 
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component,  or  decrease  the  excitatory  component  could  be  plausible 
explanations  for  the  imbalance. 

SP  atropine  sensitive  neural  component  differed  from  that  of 
NKA.  Normal  tissue  exhibited  an  atropine  sensitive  inhibition  of  SP 
response  (refer  to  results  Figure  6  a)  Acute  inflammation  caused  a 
loss  of  this  inhibition,  resulting  in  an  increased  response  to  SP  (refer 
to  results  Figure  4  a  and  6  b).  The  diagram  in  Figure  18  illustrates 
the  changes  in  SP  atropine  sensitive  neural  regulation  and  suggests 
possible  mediating  transmitters.  NO  and  VIP  are  likely  candidates  as 
inhibitory  transmitters  of  the  SP  atropine  sensitive  response. 
Therefore,  unlike  the  imbalanced  signal  of  the  atropine  sensitive  NKA 
response,  the  proposed  atropine  sensitive  SP  mechanism  is  based  on 
a  loss  of  inhibitory  input. 

Changes  in  both  SP  and  NKA  response  during  inflammation 
were  mediated  in  part  by  changes  in  atropine  sensitive  neural 
muscarinic  receptors.  The  muscarinic  changes  that  occurred  may  be 
the  same  for  NKA  and  SP,  but  the  modulation  of  the  TK  responses 
differed.  The  ultimate  contractile  event  is  entirely  dependent  on  the 
circuitry  involved  between  the  TK  receptor  and  the  motor  response 
(the  muscle  contraction).  A  change  in  the  ACH  release  or  a  change  in 
sensitivity  of  Mi  receptors  could  effect  either  a  positive  or  negative 
influence  on  the  TKs  depending  on  the  route  through  either 
excitatory  or  inhibitory  interneurons  (Figure  16).  It  is  well  known 
that  the  TKs  can  initiate  the  release  of  ACH[28,  48].  Released  ACH 
may  have  acted  directly  on  M3  muscle  receptors  which  is  the 
proposed  scenario  for  excitatory  input  of  the  NKA  response. 
Alternatively,  it  may  have  stimulated  post  synaptic  Ml  receptors 
causing  release  of  NO/VIP,  as  in  the  proposed  inhibitory  input  of 
NKA  or  SP  responses.  There  is  documentation  in  the  literature  of 
ACH  mediated  NO  release  within  the  ENS[60].  Therefore,  the  changes 
at  the  muscarinic  receptors  could  be  similar  for  NKA  and  SP 
responses,  but  the  paths  through  the  ENS  must  differ,  because  the 
ultimate  regulation  of  the  atropine  sensitive  neural  components 
move  in  opposing  directions  during  acute  inflammation. 
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SUMMARY  AND  CONCLUSION 

Our  studies  document  both  progressive  and  tissue-specific 
changes  that  occur  during  the  inflammatory  process  in  the  rat  colon. 
In  the  initial  stages  of  inflammation,  despite  decreased  NKi  activity 
at  the  muscle,  the  response  to  SP  is  increased  primarily  due  to  the 
loss  of  an  inhibitory  neural  influence.  Even  in  the  presence  of  a  more 
excitable  muscle,  the  response  to  NKA  is  decreased  in  acute 
inflammation  due  to  a  combined  decrease  in  the  NK2  receptor 
activity  at  the  muscle,  and  the  acquisition  of  a  predominantly 
inhibitory  neural  component.  All  TK  receptor  activity  is  decreased  at 
the  level  of  the  muscle.  None  of  the  TK  receptors  appeared  to  be 
strongly  expressed  on  neurons,  either  in  normal  or  acutely  inflamed 
tissue.  This  may  reflect  the  inability  of  our  selective  agonists  to 
activate  neural  receptors.  Response  to  ACH  is  increased  in  acute 
inflammation,  not  through  a  detectable  change  in  muscarinic 
receptors,  but  through  a  loss  of  nicotinic  inhibitory  neural  input. 

Chronic  changes  caused  reductions  in  all  receptor-mediated 
activity.  The  ability  of  the  muscle  to  mount  a  full  contractile 
response  was  impaired  in  the  chronic  tissue.  This  was  probably  not 
due  to  less  excitability,  but  rather  to  decreases  in  contractile  proteins 
combined  with  increased  resistance  from  surrounding  tissue.  The 
sequential  progression  of  the  circular  smooth  muscle  from  the  more 
contractile  state  into  a  less  responsive  tissue  correlates  well  with  the 
increased  transit  followed  by  decreased  transit  during  in  vivo 
inflammation  studies.  Therefore,  the  changes  in  muscle  contractility 
documented  in  our  study  may  contribute  to  the  discomfort  and 
diarrhea  of  those  patients  with  IBD. 
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